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ABSTRACT 
Land application of swine mannre offers the alternative use of its nutrients for crop 
production but growing concerns exist when not properly managed because of potential 
water quality problems. 
The field experiment consisted of 48 plots (15.24 m long x 3.04 m wide), located in 
a Clarion-Nicollet-Webster soil association. Com (Z?a mays L.) was rotated with soybean 
{Glycine max L.). Treatments applied were a factorial combination of Nitrogen (N) rates 
(0, 84, 168 and 252 kg N ha"') of liquid swine manure and Urea-Ammoniimi-Nitrate 
(UAN) with methods of application (manure in spring, fall and side-dress; manure with 
nitrapyrin in fall and UAN side-dress), replicated three times. Ceramic cup lysimeters 
(5.08 cm diameter xl20 cm deep) were used to collect subsoil water. 
Between 1996 and 1998, subsoil water Nitrate-N (NOs-N) means were lower at 84 
kg N ha"^ (5.76, 4.60 and 14.41 mg L"') and higher at 252 kg N ha"' (6.33, 8.14 and 19.27 
mg L"') but N rate effects were non-significant. Methods of application significantiy 
affected subsoil water NO3-N in 1998 but were non-significant in 1996 and 1997. Side-
dress applications had lower subsoil water NO3-N concentrations even at the higher N rate 
while spring and fall manure applications had higher subsoil water NO3-N. Com yields 
and total N uptake increased with N rate in 1998 and up to 168 kg N ha"' in 1996 and 1997. 
Nitrogen recovery decreased with increasing N rate. Higher NO3-N, com yields and 
precipitation but lower N uptake and recovery were recorded in 1998. 
Residual soil NO3-N increased with increasing N rate but decreased with depth, and 
at 0-30 cm, N rate effects were significant in 1998 but non-significant in 1996 and 1997. 
xii 
The effects of temperature (5, 20 and 35° C) and swine manure (168 kg N ha ') on 
nitrification and NOs-N leaching was investigated in 18 undisturbed soil columns. At 5, 20 
and 35° C, the apparent nitrification rate constants and NOs-N means were 0.0026, 0.0253 
and 0.0046 weeks"' and 16.6, 89.5 and 45.1 mg L \ respectively. The inhibition of 
nitrification at 35 ° C may help explain the lower NOs-N observed with side-dress 
applications. 
Careful swine manure N management is recommended because of potential 
increases in subsoil water NO3-N, surface soU NO3-N accumulation, reduced N recovery 
and limited yield responses at the high N rate. 
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CHAPTER I 
GENERAL INTRODUCTION 
Water is vital for life. Protecting the quality of this limited resource has become 
one of the major interests of my life. In 1988, the Environmental Protection Agency 
(EPA) emphasized that "for cenmries" our water resources have been "abused", by the 
uncontrolled discharge of imtreated wastes and by the use and overuse of the land. 
Furthermore, EPA revealed that this happened when humankind changed the namral 
balance of our ecosystem, and continues nowadays. 
The first cases of water pollution occurred in ancient times. The Old Testament of 
the Bible (2 Kings 2:19-22) recalls that more than 2800 years ago the people of the city of 
Jericoh expressed their concerns to Elisha, a Prophet, that in their town everything was 
good except the spring of water. They attributed birth defects and low crop productivity to 
pollution in the water. 
Water borne diseases have been unfortunately associated with several illness and 
deaths that lead to the development and implementation of water treatment and water 
pollution control technologies. In 1854, in London, a cholera epidemic occurred that was 
linked to a contaminated water well located in the Broad Street Pump. In Lawrence, 
Massachusetts, in 1887, a typhoid epidemic was blamed on bad quality of water. 
In the late 1980s, a cholera outbreak occurred in the northern part of my home 
country, Peru. It was associated with the discharge of untreated wastes and other non-point 
pollution to the seashore and to the lack of adequate maintenance of the water and sewage 
distribution systems in some of the towns. Pathogenic bacteria infected the people in that 
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region through the food chain and contaminated the water supply, creating a continuous 
mechanism of transmission that spread the disease rather quickly. 
Since World War II, agricultural production has intensified to a great extent in 
response to a continuously growing world population that has increased the demand for 
food supply. This intensive agricultural production has been associated with potential 
impacts on water quality. 
The namre of diffuse discharges also known as non-point sources of pollution that 
result from agricultural activities made them more difficult to control than point (known) 
discharges. 
The increasing number of concentrated, animal feeding operations in the state of 
Iowa has generated an urgent need for adequate animal manure treatment and disposal and 
has created a new water quality concern. Iowa has about 23% of the US hog inventory 
with approximately 13.4 million and 12.2 million produced in 1995 and 1996, respectively. 
However, the number of operations decreased between those two years from 25,000 to 
21,000 which suggests that the operations have become larger. 
The impact that agricultural activities have on water quality can be reduced if Best 
Management Practices (BMP's) and sustainable activities are used. It has always been 
more cost effective to prevent than to clean up pollution. The implementation of the Clean 
Water Act (1972) introduced us to new challenges and goals. I believe that it is possible to 
achieve them. 
This smdy will address the effects of land application of swine manure on its 
utilization as a nutrient source for crops and on subsoil water nifrate-nitrogen (NOs-N) 
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leacliing. The conclusion of this investigation will contribute to the improvement of 
current BMP's to minimize the impacts of land application of swine manure on water 
quality. 
Dissertation organization 
This dissertation is organized in seven chapters. The first chapter includes a 
general introduction and objectives of the investigation subject of this dissertation. The 
second chapter contains a literature review. The next four chapters are journal papers. 
Chapter three describes the major findings of the field experiment that evaluated the effect 
of variable amounts of injected swine manure applied under different methods on subsoil 
water NO3-N, com yield, nitrogen (N) uptake and N removal. Chapter four presents the 
results of the same experiment but in relationship to residual soil NO3-N, before planting 
and after harvest. Chapter five describes a section of the field experiment that was made 
on microplots (small plots) in which swine manure was broadcast at a constant rate but 
applied at different times to study the effects on NO3-N concentrations in the subsoil water. 
Chapter six reports the results of an experiment with undisturbed soil columns that studied 
the effects of temperature and swine manure on nitrification, transport of NO3-N, and 
monitoring of ammonium-N (NH4-N), dissolved organic carbon (DOC), alkalinity and pH 
in the leachate collected in controlled environments. The last chapter, seven, contains a 
summary of the major findings and overall conclusions. Appendixes A and B contain 
additional information related to Chapter three. Appendix C contains complementary 
information of Chapter four. 
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Objectives 
Major objectives of this study are; 
• To investigate the effects of variable amounts of liquid swine manure applied using 
different methods on subsoil water NO3-N concentration. 
• To evaluate the effects of the treatments applied on crop yields. What are the 
treatments that resulted in good yields with minimum impact on water quality? 
• To estimate crop responses in terms of N uptake and N recovery to the treatments 
applied. 
• To smdy how variable amounts of swine manure affect residual soil NO3-N 
concentrations. 
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CHAPTER II 
LITERATURE REVIEW 
Enviromnental concerns 
Non-point sources of pollution, particularly from agriculmre continue to be reported 
as the major cause of "impairment" of the quality of surface water resources (EPA, 1998). 
The nature of these diffuse discharges made them more difficult to control. Regional water 
quality protection programs are necessary to reduce the impacts of agricultural activities 
(Sharpley and Meyer, 1994). Intensive agricultural production has been associated with 
potential surface and ground water contamination, especially with nitrate-nitrogen (NO3-N) 
as indicated in a study by Keeney and DeLuca (1993). The authors examined historical 
NO3-N data of the Des Moines River watershed and compared 1945 with 1980 to 1990 and 
concluded that the major contributor of NO3-N in the river was not merely fertilization but 
intensive agriculmral production, soil nitrogen (N) mineralization and tile drainage. 
Spalding and Exner (1993) reported that NO3-N in ground water depended on N 
origin and environmental conditions. Irrigated com with permeable soils and shallow 
aquifers (Nebraska plains) may result in more frequent higher NO3-N in ground water and 
wells. Areas with warmer weather, high organic carbon soils and natural vegetation 
(southeastern states) will tend to have a natural remediation. Subsurface drainage in the 
Com Belt states minimizes NO3-N leaching to ground water. Effective well constmction 
appeared to be an important factor when monitoring NO3-N in these wells because 
inadequate casing and well protection were correlated with high NO3-N as well. 
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Libra (1998) reported that "the lion's share" of the NO3-N delivered to the 
Mississippi river comes from the 'Cora Belt' area where intensive agriculture, N inputs 
from fertilizer and manure, N fixing crops such as legumes, soil N mineralization, are 
typical. The author explained that other important sources were domestic sewage, 
industrial discharges and rainfall deposition. 
The increasing number of large confined animal feeding operations, particularly of 
swine production, has created a new water quality concern in the state of Iowa (Agena, 
1999; IDNR, 1995). It is estimated that swine production generates about 21 million tons 
of manure (animal wastes) per year that need adequate treatment and disposal. 
Swine manure is known as a valuable source of nutrients for the crops (Killora, 
1985; Miranowski, 1998). Hatfield (1993) explained that land application of swine manure 
represents an alternative for waste disposal. With adequate management, sustainable 
practices that include land application of manure for crop production will result in an 
increased soil organic matter and 'would lead to improved soil conditions'. Sharpley et al. 
(1998) reported that with adequate management manure can be used as a Best Management 
Practice (BMP). 
However, growing concerns exist with this agriculmral practice when not properly 
handled and when there is insufficient land because of the potential contamination with 
NO3-N of ground water resources and public or private drinking water wells. 
Ground and surface waters containing N in excess to natural concentrations are 
found in agriculmral lands where fertilizer and manure are usually applied. Major 
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controlling factors are the amount and type of fertilizer used, precipitation and irrigation, 
soil texture and permeability, tillage practice and plant N uptake rate (EPA, 1993). 
Effect on public health 
To prevent adverse health effects the maximum contaminant level (MCL) of nitrates 
in drinking water has been established at 50 mg L ' (10 mg L ' as NOs-N) by the World 
Health Organization (1996). 
When exceeding this limit, NOs-N can cause methemoglobinemia, characterized by 
the lack of transport of oxygen in the blood. If not treated, sudden death may occur. 
Infants and pregnant women are at higher risk. Furthermore, excess of NO3-N may cause 
the formation of nitrosamines, a suspected carcinogen, in humans (World Health 
Organization, 1998). 
Effect of type and amount of fertilizer and svvlne manure 
Previous studies showed that excessive N application increases the NO3-N 
concentration leached through the soil profile. Foster et al. (1986) researched the impact 
of agricultural land use on ground water quality between 1976 and 1985. The smdy found 
prevalence of NO3-N concentrations in wells of agriculmral lands. The authors suggested 
that the leaching of NOs-N might have been caused by the increased application of N 
fertilizers for the past 40 or 50 years, permeable soils and intensive rainfall events in the 
spring. 
Other smdies have concluded that the major controlling factor affecting water 
quality is N rate. As part of the Agricultural Drainage Well Research Demonstration 
Project, Baker (1997) reported that N fertilization at the rate of 146 lb N a ' (164 kg N ha"') 
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for optimimi com yield (in rotation with soybean) resulted in NOs-N concentrations in 
shallow subsurface drainage exceeding the MCL by 50%. 
Baker and Johnson (1981) investigated the effect of N rate on NOs-N leaching to tile 
drainage. Com was annually rotated with oats or soybean and received fertilization at rates 
of 100 and 250 kg N ha"' (1974), 90 and 240 kg N ha ' (1976) and 90 kg N ha"' (1978). 
The authors concluded that after the first fertilization, concentration of NOs-N in tiles was 
two times greater with the higher N rate than with the lowest N rate, but it was four times 
greater after the second fertilization. 
Baker and Melvin (1994) smdied the effects of different agriculmral practices in 
water quality and crop production between 1989 and 1993. Fertilizer was applied in 50 lb 
N a"' (56 kg N ha"') increments to a rate of 150 lb N a"' (168 kg N ha"') and 200 lb N a"' 
(224 kg N ha"') for corn-soybean rotation and continuous com, respectively. Cora yield 
responses to N rate were evident up to 150 lb N a"' (168 kg N ha"'). Cora yields were 
higher for the cora-soybean rotation than for continuous com. Application of fertilizer 
resulted in higher NOs-N concentrations in subsurface drainage, but varied according to 
crop year. However, the authors reported that NOs-N losses increased with increased N 
application rate. 
Huntzinger (1998) contributed to the assessment of NOs-N in the water resources of 
the Central Nebraska Basins Study that began in 1991. Nitrate-N concentrations in streams 
were significantiy higher in the Platte Valley (where com irrigation and intensive fertilizer 
applications are typical) when compared to the Sandhills area (predominantly rangeland). 
Additionally, among the shallow wells monitored in the Platte Valley (45% were surveyed) 
9 
it was found that at least 25 % of them exceeded the MCL for NO3-N. However, 75 % of 
the monitored wells in the Sandhills area recorded less than 2 mg L ' of NO3-N, an 
indigenous concentration, naturally found in aquifers. The author suggested that irrigation 
practice, high soil permeability, high water table and extensive fertilizer applications all 
contributed to increase the NO3-N concentrations in surface and ground water. 
Power et al. (1998) conducted a smdy in 12 states of the Com Belt area to evaluate 
the impact of agricultural activities and N management techniques on ground water quality. 
This work was done in response to the Presidential Water Quality Initiative (1989) and 
included data collected for at least five years. Major findings of this study were that NO3-
N leaching losses were significantly higher where fertilizer applications exceeded the N 
rate needed for optimum yield. The authors mentioned that variability in soil 
characteristics and weather played an important role. They concluded by saying that the 
excess of N applied not removed by crops accumulated in the soil and was subject to 
leaching during the spring or fall and that excessive precipitation and/or irrigation will 
increase the potential for leaching of NO3-N. 
Prunty and Montgomery (1991) evaluated the contribution of two N rates (95 and 
145 kg N ha"') and irrigation intensities (225 and 298 mm/year) to ground water NO3-N 
from com production. Data collected in four lysimeters (2.4 m long x 2.4 m wide x 2.3 m 
deep) showed that differences in the flow weighted mean of NO3-N (8.6 and 12.3 mg L"' 
for the 95 and 145 kg N ha"', respectively) were due to the increased N input, but reported 
a time period of nearly one year before these differences were detected. Cora yields were 
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10.3 and 11.3 Mg ha"' for the 95 and 145 kg N ha"', respectively. The authors suggested 
the implementation of adequate compensation to com producers that apply lower N inputs. 
Schepers et al. (1991) reported the results of an intensive smdy started by the 
Central Platte Natural Resource District of Nebraska from 1980 until 1988, with the later 
year having a much higher number of fields included. The major finding of this smdy was 
the evidence that where NO3-N concentrations in wells exceeded the MCL it was attributed 
to N fertilizer application at higher levels than the recommended N rates caused by above 
average yield goals. 
When N is supplied in excess of the amount required to obtain maximum yields and 
beyond optimum plant uptake the residual soil NO3-N will increase and it may result in 
leaching. Richards et al. (1996) studied the effects of N fertilization on residual soil NOs'-
N after harvest of winter barley during three years. Ammonium-nitrate was hand applied 
to seven field trials at N rates of 40, 80, kg N ha ' and continued to increase 20 kg N ha"' to 
a N rate of 240 kg N ha '. The results indicated that residual soil NO3-N significantly 
increased at the highest N rate of application. The N rate for optimum yields varied 
between 47 and 189 kg N ha"' with a mean value of 142 kg N ha"', but the normal N 
recommended level was 160 kg N ha"'. Therefore, N applications should not exceed the 
recommended levels to reduce the environmental consequences of potential NO3-N leaching 
due to increased accumulation of soil NO3-N. 
Roth and Fox (1990) measured the soil NO3-N accumulation in response to N 
fertilization of com during a two-year period. Ammonium-nitrate was applied at rates of 
50, 100, 150 and 200 kg N ha ' on nine sites plus two sites with previous manure 
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application. The results suggested that residual soil NO3-N increased with increasing N 
rate and that the sites with previous manure applications responded with even larger soil 
NO3-N accumulation. The authors recommended "careful N management in manure-based 
systems". 
In a field experiment that involved swine manure application. Cook (1998) smdied 
NO3-N movement (among other parameters) from 14 lysimeters (2.29 m long x 0.97 m 
wide X 1.67 m deep). He reported that the highest rate of N application (8.3 cm of lagoon 
effluent) resulted in high nutrient (including NO3-N) concentrations in lysimeters and that 
the lowest N rate (2.8 cm of lagoon effluent) resulted in lower nutrient concentrations. 
Recent research has shown that when swine manure is applied at adequate rates to 
supply the crops it has a minimum impact on water quality. Kanwar et al. (1998) have 
been investigating the effects of swine manure on water quality under different N 
management systems. After four years of continuous experiments, the authors reported 
that reduced N application rates of 100 and 120 lb N a ' (112 and 135 kg N ha"') could 
achieve adequate yields of com after soybean and would prevent deterioration of water 
quality. 
Hatfield and Prueger (1994) compared the effects of the application of swine 
manure and commercial fertilizer on water quality in the 5600 ha Walnut Creek Watershed 
project. In one field, swine manure was applied to provide 70 kg N ha"' and when needed 
additional UAN was supplied during the early stages of com growth. In another field, 
anhydrous ammonia was applied to provide 120 kg N ha '. The results from the first four 
years of ongoing experiments showed similar NO3-N concentrations in surface maoff. 
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shallow wells and tile drainage for both swine manure and commercial fertilizer, but swine 
manure treatments resulted in late faU stalk nitrate tests closer to the adequate range. The 
authors concluded that when properly managed and provided according to crop needs, 
swine manure can be successfully used as a nutrient source without affecting water quality. 
Hedge (1998) researched the impact of different N management systems on NO3-N 
movement and other parameters. Urea ammonium-nitrate (UAN) was applied in the spring 
at a rate of 168 kg N ha*' and swine manure at rates to supply 168 and 336 kg N ha"', 
during two years on a field experiment. After collecting the subsurface drainage in six 
lysimeters (2.28 m long x 0.91 m wide x 1.52 m deep), it was reported that NO3-N 
concentrations were higher for UAN treated plots than for swine manure plots, even when 
manure was applied at a higher N rate. However, NO3-N concentrations were always 
below the MCL. 
Effect of time of application 
Time of application is another important factor. Hardeman (1997) studied the effect 
of swine manure management practices (injection in the spring and fall, broadcast in the 
winter) on water quality and crop yields. The author found that the preferred time of 
fertilizer application was in the spring at a single rate of 168 kg N ha ' rather than winter 
broadcast at a double rate of 336 kg N ha"' to reduce the impacts on water quality. 
Lorimor (1996) evaluated the effects of four application times of swine manure (late 
winter, early winter, fall and spring) on N and phosphorous (P) losses in surface runoff. 
The smdy suggested that late winter application over snow resulted in the highest nutrient 
losses and that timely application no later than the second week of January reduced nutrient 
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losses considerably. However, the author indicated that the extent of nutrient losses varied 
depending on the crop year. 
The Walnut Creek Watershed study in Iowa reported that application of fertilizer 
during crop growth instead of conventional application before planting resulted in reduced 
NO3-N leaching and losses (Power et al., 1998). 
Winter application of swine manure particularly when the soils were frozen resulted 
in increased nitrogen losses and leaching in tile drains (Overcash et al., 1983). 
Effect of manure credit 
Some studies reported a lag phase of at least one to two years before the effects of 
manure application became evident (Kanwar et al., 1988; Prunty and Montgomery, 1991). 
When animal manure is used as nutrient source for crop production, it is estimated 
that a fraction of the organic N will be gradually mineralized and that this will remain as 
inorganic N in the soil. 
Using the results of the USDA's 1990 Farm Costs and Remm Survey, Trachtenberg 
and Ogg (1994) concluded that N fertilizer was applied in excess because not enough credit 
of manure and or legume rotation was taken into account. 
Successful N management practices that accounted for the manure previously 
applied as credit were reported by Killom and Wetterauer (1996). 
Long term application of animal manure and fertilizer has been reported to increase 
soil NO3-N accumulation and thus potential for leaching and as a result may affect ground 
water quality. Blanchard et al. (1995) investigated NO3-N concentrations in ground water 
as affected by long term N applications in north central Missouri. The authors found a 
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mean NOs-N concentration of 7 mg L"' from a 96 well survey. However, 25% of these 
wells exceeded the MCL of 10 mg L"'. They concluded that the constant increase in the 
levels of NOa-N in wells experienced since 1991 can be attributed to current farm practices 
and long term N applications. 
Sharpley et al. (1993) investigated the effects of long term applications of poultry 
litter (12 to 35 years) on soil NOa-N (and other nutrients) in Oklahoma. Annual loads 
averaged 270 kg N ha"^ and the effects of repeated manure application were evident. In the 
top 5 cm of soil, NOa-N averaged 49 and 13 mg kg"' for manured and non-manured soils, 
respectively. The authors pointed out that relatively less of the litter N was adsorbed in the 
soils and suggested appropriate monitoring for long term manure applications. 
Gutser and Dosch (1996) smdied N accumulation in soils from long term cattle 
slurry application in comparison with inorganic fertilizer for eleven years. Average N load 
applied was 120 kg N ha"'. The results suggested that the repeated application of cattle 
slurry increased soil N accumulation. Furthermore, NOa-N leaching losses were on the 
average 10 kg N ha"' yr ' higher for cattle slurry treatments than for inorganic N. 
Effect of incorporation of manure 
Incorporation or injection of fertilizers and manure below the soil surface can 
reduce surface runoff N losses and ammonia (NHa) volatilization significantly. 
Incorporation increases infiltration rate and as a consequence runoff decreases. Baker and 
Johnson (1983) concluded that this agriculmral practice was very effective in reducing 
runoff nutrient losses and should be adopted as a BMP. 
15 
Tisdale et al. (1993) explained that NH3 volatilization is much higher with broadcast 
N application than with incorporation. 
Reddy et al. (1979) noted that NH3 volatilization from land application of animal 
manure follows first order reaction kinetics and that pH and temperature are the major 
controlling factors: 
[NH3]soi + H2O 4 ^ [NH4]^ + OH-
Therefore, (NH3)soi will be the predominant form when pH is above neutral while 
ammonium-N (NH4-N) will be the predominant form when pH is at or below neutral range. 
Furthermore, under equilibrium conditions of the two species (NHs and NH4'^), the NH3 
volatilization will be governed by Henry's law and equivalent to the difference of partial 
pressures between (NH3)g in the atmosphere and (NH3)g in the atmosphere of the soil 
surface. 
Dosch and Gutser (1996) suggested that N losses that occurred after cattle slurry 
application via ammonia volatilization were significantly reduced by incorporation. This 
agreed with Hatfield (1993) who also recommended manure incorporation in order to 
reduce volatilization losses. 
Effect of tillage 
Tillage practice is known to affect NO3-N leaching. Kanwar et al. (1988) compared 
different tillage and methods of fertilizer application and how they affected subsurface 
NO3-N concentrations with continuous com. The N rate applied before planting was 175 
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kg N ha ' with conventional tillage and no-tillage systems and three split appLications 
totaling 125 kg N ha"' with no-tillage. The authors reported that on the third year of the 
experiment NOs-N concentrations in tile drains were significantly higher for conventional 
tillage than for non-tillage systems at 175 kg N ha"'. Furthermore, the "split applications" 
with no-tillage resulted in the lowest NOs-N subsurface drain concentrations. 
Gupta et al. (1997) reported that the saturated hydraulic conductivity in the soil was 
lower for no tillage than for disc tillage practices. However, N concentration in surface 
runoff was higher from no tillage plots. 
Mbalame (1998) smdied the effect of tillage or no-tillage practice in field 
experiments using a single fertilizer rate of 175 kg N ha"'. Higher NO3-N concentrations in 
tile drains were found in no-till plots, with or with out cultivation. 
Baker and Johnson (1983) evaluated the effectiveness of the use of BMP's in 
reducing chemical (nutrients and pesticides) losses, including NO3-N, in surface runoff. 
Field data collected and results from other studies were also included. The authors 
concluded that conservation tillage and incorporation of chemicals are the most effective 
practices in reducing chemical losses in surface runoff. 
Effect of plant uptake 
Nitrate-N is the preferred form of N taken up by most crops. The excess of NO3-N 
not removed by the crops is either stored in the soil or transported with the soil solution. 
Stevenson and Kelley (1985) suggested that plants removed on the average between 30 and 
70% of the N applied. Allison (1965) explained that N recovery is variable and affected by 
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several factors including crop system, N rate, weather and soil characteristics. Normal N 
recovery values reported were no more than 50 %. 
Eff^ects of precipitation and seasonal variations 
Nitrate-N is very soluble (Briggs and Courtney, 1985). Nitrate-N tends to leach, 
gradually, with water additions (Jury et al., 1991; Allison, 1965). The movement of NOs-
N in the soil has a vertical gradient (Chang et al., 1991). 
Increased precipitation or irrigation may result in increased leaching of NO3-N but 
this may not always result in an increased NO3-N concentration in subsoil water because of 
the dilution effect (Briggs and Courtney, 1985). 
However, Gardner (1965) considered that higher NO3-N leaching potential in soils 
occur when precipitation exceeds evapotranspiration. Therefore, NO3-N movement in soils 
would be affected by the quantity of water infiltrating in the soil rather than by the total 
precipitation received. 
BGadivko et al. (1995) monitored the impact of agriculmral practices on tile 
drainage water quality. They found that although NO3-N was detected in tile drainage 
through the year, most of the NO3-N losses happened during the winter and the first part of 
the spring, the time when the largest volume of water normally occurred in tiles. 
Effect of soil type 
Power et al. (1998) reported that soil texmre and permeability are important factors 
affecting NO3-N leaching. Vulnerable soils are those with high permeability. Jury et al. 
(1991) explained that soil structure plays an important role in soil chemical transport 
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mechanisms because it affects the extent and continuity of pores that may cause preferential 
flow. 
Effect of nitrification inhibitor 
In an effort to reduce NO3-N leaching, one N management practice recommended is 
the use of nitrification inhibitors such as nitrapyrin. Kpomblekou-A and Killom (1996) 
reported that nitrapyrin significandy reduced nitrification but the effect varied according to 
the amount used and the type of soil. Valverde (1997) investigated the effect of Nitrapyrin 
at two Iowa locations, applying 60, 90, 120 and 150 lb N a ' (67, 101, 135 and 168 kg N 
ha"') in field experiments. The author did not report significant effects due to nitrapyrin 
application because of data variability and other effects, but reported that NO3-N in 
lysimeters (ceramic cup) was affected by fertilization and indeed was higher for higher 
application rates. 
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CHAPTER m 
NITRATE-NITROGEN IN THE SUBSOIL WATER AS A RESULT OF VARIABLE 
RATES AND METHODS OF APPLICATION OF SWINE MANURE 
A paper to be submitted to the Journal of Environmental Quality. 
Sara Smith and Randy Killom* 
ABSTRACT 
Land application of swine manure offers the alternative use of its valuable nutrients 
but growing concerns exist with this agricultural practice when not properly managed 
because of potential water quality problems. A field experiment was conducted to assess 
the effects of swine manure application on the yield of com (Zea mays L.) and soybean 
{Glycine max L.) grown in rotation and upon subsoil water nitrate-nitrogen (NO3-N). 
Swine manure and urea ammonium-nitrate (UAN) were applied to supply nitrogen (N) 
rates of 0, 84, 168 and 252 kg N ha"' using five methods of application (spring, side-dress 
and fall manure; fall manure with nitrapyrin; and UAN side-dress). Subsoil water was 
collected from 33 ceramic cup lysimeters (5 cm diameter x 120 cm deep) to measure NO3-
N. Subsoil water was not affected by treatments in the first two years of the experiment 
but methods of application had a significant effect in the third year. However, NO3-N 
means were lower at 84 kg N ha"' (5.76, 4.60 and 14.41 mg L"' for 1996, 1997 and 1998, 
respectively) and higher at 252 kg N ha"' (6.33, 8.14 and 19.27 mg L"' for the same years). 
Nitrate-N was lowest with side-dress applications. Com yields increased with N rates and 
were maximized at 168 kg N ha"' in 1996 and 1997 and at 252 kg N ha"' in 1998. Total N 
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uptake increased with N rate up to 168 kg N ha ' in 1996 and 1997 and up to 252 kg N ha"' 
in 1998 but it was the lowest of the three years. Overall N recovery (%) decreased with 
increasing N rate. Careful N management with manure application is needed because of 
the potential increase of NO3-N at higher N rates and with spring and fall applications. 
INTRODUCTION 
Non-point somrces of pollution, particularly from agriculture, continue to be 
reported as a major threat to the quality of surface water resources (EPA, 1998). Intensive 
agricultural production has been associated with potential surface and ground water 
contamination, especially with nitrate-nitrogen (NO3-N) (Frenzel et al., 1998; Keeney and 
DeLuca, 1993). 
The increasing number of large, confined animal feeding operations particularly of 
swine production, has created a new water quality concern in the state of Iowa (Agena, 
1999; IDNR, 1995). It is estimated that swine production in Iowa generates about 21 
million tons of manure per year that needs adequate treatment and disposal. Swine manure 
contains valuable nutrients for crop production (Killom, 1985; Miranowski, 1998). But 
growing concerns exist with this agricultural practice when not properly managed. 
The purpose of this study was to evaluate the effect of swine manure applied at 
variable rates and methods of application on subsoil water NO3-N concentrations and the 
effect of treatments on crop yield, nitrogen (N) uptake and N removal. 
LITERATURE REVIEW 
Ground and surface waters containing N in excess of natural concentrations are 
found in agricultural lands where fertilizer and manure are usually applied. Major 
26 
controlling factors are amount and type of fertilizer used, precipitation and irrigation, soil 
texture and permeability, tillage practice and plant nitrogen uptake rate (EPA, 1993). 
To prevent adverse health effects the maximum contaminant level (MCL) of nitrates 
in drinking water has been established at 50 mg L"' (10 mg L"' as NOs-N) by the World 
Health Organization (1996). When exceeding this limit, NO3-N can cause 
methemoglobinemia, characterized by lack of transport of oxygen in the blood. If not 
treated, sudden death may occur. Infants and pregnant women are at higher risk. 
Furthermore, excess of NO3-N may cause the formation of nitrosamines, a suspected 
carcinogen in humans (World Health Organization, 1998). 
Previous smdies showed that excessive N application increases the NO3-N 
concentration leached through the soil profile. As part of the Agricultural Drainage Well 
Research Demonstration Project, Baker (1997) reported that N fertilization at the rate of 
146 lb N a"' (164 kg N ha"') for optimum com yield (in rotation with soybean) resulted in 
NO3-N concentrations in shallow subsurface drainage exceeding the MCL by 50%. 
Baker and Johnson (1981) investigated the effect of N rate on NOs-N leaching to tile 
drainage. Com was annually rotated with oats or soybean and received fertilization at rates 
of 100 and 250 kg N ha' (1974), 90 and240 kg Nha' (1976) and 90 kg N ha' (1978). 
The authors concluded that after the first fertilization, NO3-N concentration in tiles was two 
times greater with the higher N rate than with the lowest N rate, but it was four times 
greater after the second fertilization. 
Huntzinger (1998) assessed NO3-N in the water resources of the Central Nebraska 
Basins Study that began in 1991. Nitrate-N concentrations in streams were significantly 
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higher in the Platte Valley (where com irrigation and intensive fertilizer applications are 
typical) when compared to the Sandhills area (predominantly rangeland). Additionally, 
among the shallow wells monitored in the Platte Valley (45% were surveyed) it was found 
that at least 25% of them exceeded the MCL for NO3-N. However, 75% of the monitored 
wells in the Sandhills area contained less than 2 mg L"' as NO3-N, an indigenous 
concentration, naturally found in aquifers. The author pointed out that irrigation practice, 
high sou permeability, high water table and extensive fertilizer applications all contributed 
to increase the NO3-N concentrations in surface and ground water. 
Power et al. (1998) conducted a study in 12 states of the Com Belt area to evaluate 
the impact of agriculmral activities and N management techniques on groundwater quality. 
This work was done in response to the Presidential Water Quality Initiative (1989) and 
included data collected for at least five years. Nitrate-N leaching losses were significantly 
higher where fertilizer applications exceeded the N rate needed for optimum yield. The 
authors mentioned that variability in soil characteristics and weather played an important 
role. They concluded by saying that the excess of applied N not removed by crops 
accumulated in the soil and was highly susceptible to leaching during the winter months 
and that excessive precipitation and/or irrigation will increase the potential for leaching of 
NOs-N. 
Recent research has shown that when swine manure is applied at adequate rates to 
supply the crops it has a minimum impact on water quality. Kanwar et al. (1998) have 
been investigating the effects of swine manure on water quality under different N 
management systems. After four years of continuous experiments, the authors reported 
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that application of reduced N rates of 100 and 120 lb N a"' (112 and 135 kg N ha"') could 
achieve adequate yields of com after soybean and would prevent deterioration of water 
quality. 
Hatfield and Prueger (1994) compared the effects of the application of swine 
manure and commercial fertilizer on water quality in the 5600 ha Walnut Creek Watershed 
project. In one field, swine manure was applied to provide 70 kg N ha"' and when needed 
additional UAN was supplied during the early stages of com growth. In another field, 
anhydrous ammonia was applied to provide 120 kg N ha"'. The results from the first four 
years of ongoing experiments showed similar NOs-N concentrations in surface runoff, 
shallow wells and tile drainage, for both, swine manure and commercial fertilizer, but 
swine manure treatments resulted in a late fall stalk nitrate test near the adequate range. 
The authors concluded that when properly managed and provided according to crop needs, 
swine manure can be successfully used as nutrient source without affecting water quality. 
Time of application is another important factor. Hardeman (1997) smdied the effect 
of swine manure management practices (injection in the spring and fall, broadcast in the 
winter) on water quality and crop yields. It was found that the preferred time of fertilizer 
application is the spring at a single rate of 168 kg N ha"' rather than winter broadcast at a 
double rate of 336 kg N ha"' to reduce the impacts on water quality. 
Some studies reported a lag phase of at least one to two years before the effects of 
manure application became evident (Kanwar et al., 1988; Pmnty and Montgomery, 1991). 
BCillom and Wetterauer (1996) reported successful N management practices that accounted 
for the manure previously applied as credit. 
29 
Incorporation or injection below the soil surface of fertilizers and manure can 
reduce surface runoff N losses and ammonia (NHa) volatilization significantly. 
Incorporation increases infiltration rate and as a consequence nmoff decreases. Baker and 
Johnson (1983) concluded that this agricultural practice reduced runoff nutrient losses 
significantly and should be adopted as a Best Management Practice (BMP). 
Hatfield (1993) suggested that with good management, application of manure for 
crop production with incorporation would result in an increased soil organic matter and 
overall better soil conditions. 
Tisdale et al. (1993) explained that NHj  volatilization is much higher with broadcast 
N application than with incorporation. 
Reddy et al. (1979) suggested that NH3 volatilization from land application of 
animal manure follows first order reaction kinetics and that pH and temperature are the 
major controlling factors: 
[NH3]so1 + H2O ^^ [NH4]^ + OH" 
Therefore, (NH3)soi will be the predominant form when pH is above neutral while 
ammonium-N (NH4-N) will be the predominant form when pH is at or below neutral. 
Furthermore, under equilibrium conditions of the two species (NH3 and NH4"^), the NH3 
volatilization will be governed by Henry's law and equivalent to the difference of partial 
pressure between (NH3)g in the atmosphere and (NH3)g in the atmosphere of the soil 
surface where manmre was applied. 
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Tillage practice is known to affect NO3-N leaching. Gupta et al. (1997) reported 
that the saturated hydraulic conductivity in the soil was lower for no-tillage than for disc 
tillage practices. However, N concentration in surface runoff was higher from no-tillage 
plots. Baker and Johnson (1983) evaluated the effectiveness of the use of BMP's in 
reducing chemical leaching, includuig NO3-N, in surface runoff. The authors concluded 
that conservation tillage and incorporation are the most effective practices in reducing 
chemical losses from agricultural activities in surface runoff. 
Ressler (1998) reported that compaction caused by fertilizer application altered soil 
water flow movement and reduced chemical leaching. 
Nitrate-N has a high solubility (Briggs and Courtney, 1985). The movement of 
NO3-N in the soil has a vertical gradient (Chang et al., 1991). Increased precipitation or 
irrigation may result in increased leaching of NO3-N but this may not always result in an 
increased NO3-N concentration in subsoil water because of the dilution effect (Briggs and 
Courmey, 1985). 
In an effort to reduce NO3-N leaching, one N management practice recommended is 
the use of nitrification inhibitors such as nitrapyrin. Kpomblekou-A and Killom (1996) 
reported that nitrapyrin significandy reduced nitrification but the effect varied according to 
the amount used and the type of soil. 
The primary objective of this smdy was to evaluate the impacts that variable 
amoimts of swine manure applied under different methods have on subsoil water NO3-N 
concentrations. Treatment effects on crop yield, N uptake and N removal were also 
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investigated. Weather conditions particularly precipitation were considered to search for 
possible effects on subsoil water NO3-N. 
MATERIALS AND METHODS 
A field experiment began in 1996 and continued throughout 1998. It was located at 
the Agronomy and Agricultural and Biosystems Engineering Research Farm of Iowa State 
University on Highway 30, Boone county, and consisted of 48 plots (15.24 m long x 3.05 
m wide), arranged in a randomized, complete block design (Figure 1). 
A factorial combination of N rates and methods of application resulted in 16 
treatments as shown in Table 1. Treatments were replicated three times. Com {Zea mays 
L.) was rotated with soybean {Glycine max L.). Soils at the site were predominantly 
Clarion (fine-loamy, mixed, mesic Typic Hapludolls) and Nicollet (fine-loamy, mixed, 
mesic Aquic Hapludolls). 
Table 2 shows the dates of planting and harvest activities. Four rows of crops were 
planted in each plot. A four-row John Deere planter (#7100) was used for that purpose and 
was calibrated at 29,900 seeds a"' (73,853 seeds ha'^) for com and between 180,000 and 
210,000 seed a"' (444,6(X) to 518,700 seeds ha ') for soybean. 
The swine manure was obtained from the Iowa State University Swine Nutrition 
Farm, located north of Ames. To achieve the desired N rates, the amount of manure 
applied was determined considering its N concentration and that approximately 52.5% of 
the N applied will be available for crops. Prior to field application, a manure sub-sample 
was analyzed to determine the nutrient concentration. During each treatment application, a 
maniure sub-sample was obtained and analyzed to determine the nutrients that were acmally 
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Figure 1. Field experiment plot lay out. 
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Table 1. Description of txeatments applied in plots. 
Method of application 
Treatment Fertilizer Inhibitor Time N rate 
kg N ha'^ 
1 Control 0 
2 Manure Spring 84 
3 Manure Spring 168 
4 Manure Spring 252 
5 Manure Fall 84 
6 Manure Fall 168 
7 Manure Fall 252 
8 Manure Nitrapyrin Fall 84 
9 Manure Nitrapyrin Fall 168 
10 Manure Nitrapyrin Fall 252 
11 Manure Side-dress 84 
12 Manure Side-dress 168 
13 Manure Side-dress 252 
14 UAN Side-dress 84 
15 UAN Side-dress 168 
16 UAN Side-dress 252 
Table 2. Planting and harvest dates. 
Year Crop Hybrid Planting Harvesting 
1996 Com Pioneer 3395IR 5/20/96 10/31/96 
1997 Com Pioneer 3395IR 4/29/97 10/7/97 
1998 Com Dekalb 580RR 5/6/98 10/8/98 
1997 Soybean Kxuger 2675 5/9/97 9/27/97 
1998 Soybean Pioneer 9294RR 5/11/98 9/30/98 
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applied. Table 3 shows the nutrient concentration and waste characterization found in the 
swine manure applied in the plots for the three years of the experiment. The non-manure 
treatment was liquid urea ammonium-nitrate (UAN) (28-0-0). With a fertilizer spreader, 
UAN was injected in the soil to a depth of 10 to 15 cm below the ground. 
The spreader used for manure application was designed and built by Wetterauer and 
Killom (1998). A ptmip kept the manure well mixed during application. A scale recorded 
the acmal weight of the manure contained in the tank and by difference the amount of 
swine manure acmally applied was found. The tank held up to 1,900 L of liquid manure 
and the relatively small volume minimized problems of soil and field compaction. 
The methods used for the analysis of nutrients and waste characterization of the 
swine manure are described in Table 4. Prior to the analysis, the manure was digested 
following the procedures recommended by Hach (1987). 
Lysimeters with a suction ceramic cup in the bottom were used to collect subsoil 
water samples to monitor NO3-N concentrations (Figure 2). To install a lysimeter, a 7.5 
cm diameter x 120 cm deep hole was drilled using a hydraulic probe. To provide a good 
contact between soil and ceramic cup, a slurry of diatomaceous earth material and water 
was poured in the hole. The soil removed was packed back into the empty spaces between 
the hole and lysimeter to avoid macropores that may have caused preferential flow. Prior 
to the installation, the lysimeters were washed with a 1 M HCl (Hydrochloric acid) 
solution. Lysimeters were installed after planting in the com plots that received 0, 84 and 
252 kg N ha"' and were placed in the middle of the third row of crop. After harvest, the 
lysimeters were removed from the ground, soaked with a 2 iWf HCl (Hydrochloric acid) 
Table 3. Nutrient concentration and waste characterization in swine manure. 
Year Time Nitrogen NH3-N Phosphorous Potassium Solids COD* 
mg L ' 
1996 Spring 4107 1670 2060 2033 51197 46900 
Side-dress 3204 2410 1119 1472 24639 44461 
1997 Fall 4736 3118 1326 2353 41494 66654 
Spring 2387 1795 555 1370 9800 16653 
Side-dress 2640 2120 520 1518 16533 34846 
1998 Fall 2616 1833 579 1090 15916 28978 
Spring 1789 1703 288 1055 5582 6480 
Side-dress 3312 2845 1008 1680 23631 44012 
* = Chemical Oxygen Demand 
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Table 4. Analytical methods used for the swine manure waste characterization. 
Test Method Reference 
Nitrogen Colorimetric nesslerization Hach, 1988 
NH3-N Selective electrode APHA, 1995 
Phosphorous Colorimetric ascorbic acid Hach, 1988 
Potassium Flame photometry APHA, 1995 
Solids Total solids dried at 105°C APHA, 1995 
COD* Closed reflux, titrimetric APHA, 1995 
*COD — Chemical Oxygen Demand 
solution for about 30 minutes, rinsed with de-ionized water and stored until the next 
season. 
Water samples were collected from the lysimeters during the growing season (May 
through October) weekly or following a significant rainfall event (at least 25 mm). Water 
samples were analyzed for NO3-N, NH4-N and pH (Lachat Instruments, 1993; APHA, 
1995). Table 5 contains a description of the analytical methods used for the water samples. 
Only the results of NO3-N data are shown in this Chapter. Appendix A contains the data 
for NH4-N (1997 and 1998) and pH (1996 to 1998). 
A weather station was installed in the plots during the growing season to monitor 
daily precipitation, hourly air temperature, and solar radiation. The station consisted of a 
LI-1000 (LI-COR, inc., 1990) datalogger. 
Com plant samples were collected once the plants reached physiological mamrity. 
A total of six representative plants were obtained per plot. Plant material was chopped, 
dried at 60° C for about 48 hours, ground to pass a 2 mm sieve and analyzed for total N 
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Figure 2. Schematic representation of a lysimeter. 
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Table 5. Analytical methods used for water testing. 
Test Method Reference 
Nitrate-N Cadmium Reduction APHA, 1995 
Ammonium-N Automated Phenate APHA, 1995 
pH Electrometric APHA, 1995 
and phosphorous (P) following the procedures recommended by Hach (1988). Total 
potassium (K) was analyzed using the procedures recommended by Perkin Elmer (1986). 
Two center rows (12.2 m L) from each plot were harvested and a sub-sample of 
grain was obtained. This grain was dried at 60° C for about 48 hours, finely ground with a 
home size flour mill, and analyzed for total N and P according to Hach (1988). Total K in 
grain was determined following the procedures recommended by Perkin Elmer (1986). 
The experimental plots were arranged in a randomized, complete block design. 
Treatment structure was a factorial combination of N rate and methods of application. The 
experimental units had repeated measurements. The analysis of variance (ANOVA) was 
performed as split plot with time as the sub unit (SAS Instimte, 1995). The subsoil water 
NO3-N data was analyzed by individual year. To minimize the effect of unbalanced data, 
control plots were not included in the statistical analysis. 
RESULTS AND DISCUSSION 
Subsoil water NO3-N 
The NO3-N concentrations in subsoil water are shown by method of application in 
Figures 3 through 7. In these figures, the time is days since spring application (about the 
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Figure 3. Average subsoil water NOs-N for plots that received swine manure in the spring, 
a) 1996, north site, b) 1997, south site, c) 1998, north site. 
* Time since spring application. 
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* Time since spring application. 
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Figure 6. Average subsoil water NOs-N for plots that received swine manure side-dress, 
a) 1996, north site, b) 1997, south site, c) 1998, north site. 
* Time since spring application. 
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2nd to 3yyggjj- of April for all three years). 
Table 6 contains the subsoil water NOs-N means sorted by N rate and by year. 
Table 7 shows the subsoil water NOs-N means sorted by method of application and by 
year. Table 8 shows the summary results of the probability of greater F (Pr > F) at the 
0.05 probability level to evaluate treatment effects on subsoil water NO3-N. 
Nitrate-N concentrations varied for each individual year with the highest subsoil 
water NO3-N concentrations recorded in 1998 and the lowest in 1997 from the three year 
study. The first and third years of the experiment showed similar NO3-N concentration 
dynamics with a peak and then a gradual decrease but the occurrence of the peak differed 
(see Figures 3a,c; 4b; 5b; 6a,c; 7a,c). In 1996, the peak occurred between 100 and 150 
days after spring application (about the 3"* to 4'*' week of July). In 1998 the peak was 
observed between 60 and 70 days after spring application (about the 3"* to 4''' week of June) 
when a considerable amount of precipitation occurred (see weather data section). With the 
exception of manure with nitrapyrin in the fall, NO3-N concentrations did not show a peak 
in 1997, the driest of the three years (see weather data section). 
In all three years subsoil water NO3-N concentrations decreased between 130 and 
150 days after spring application or when approaching the end of the growing season 
(about the P' and 2"* week of September). 
The results suggest that treated plots had higher subsoil water NO3-N concentrations 
than control plots. No significant treatment effects (of N rate or methods of application) on 
subsoil water NO3-N were found the first two years of the experiment. 
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Table 6. Subsoil water NO3-N means by N rate and by year. 
Water NO3-N 
N rate 1996 1997 1998 
kg N ha'^ mg L*^ 
84 5.76 4.6 14.41 
252 6.33 8.14 19.27 
Table 7. Subsoil water NQ3-N means by method of application and by year. 
Water NO3-N 
Method of application 
Manure in spring 
Manure in fall 
Manure with nitrapyrin in fall 
Manure side-dress 
UAN side-dress 
1996 
7.43 
1 
1 
5.84 
4.96 
1997 
mgL 
5.36 
5.18 
13.25 
4.10 
4.09 
-1 
1998 
27.38a 
22.85ab 
18.94abc 
5.32c 
10.36bc 
*Alpha=0.05. Means with the same letter are not significantly different. 
' Fall treatments were not applied. 
In 1997, manure with nitrapyrin applied in the fall at 252 kg N ha'^ had higher 
subsoil water NO3-N means because one replication had much higher NO3-N means than 
the other two increasing the average. The isolated point of the control plots with the 
highest NO3-N concentration observed in Figures 3b, 4a, 6b and 7b was caused by a 
greater NO3-N concentration in one replication that increased the average in 1997. 
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Table 8. Probabilities of greater F from the test of hypothesis for NO3-N. 
Pr > F 
Source 1996 1997 1998 
N rate 0.9506 0.2211 0.3783 
Method 0.5527 0.2812 0.0890* 
N rate*Method 0.9079 0.2348 0.7480 
Block 0.0001* 0.0366* 0.0001* 
N rate*Method*Block: 0.0001* 0.0001* 0.0001* 
Week 0.0001* 0.7875 0.0001* 
N rate*Week 0.1941 0.6349 0.9996 
Method*Week 0.9931 0.4300 0.0755* 
N rate*Method*Week 0.9956 0.5421 0.1616 
*= Significant at the 0.05 probability level. 
In 1998 methods of application had a significant effect on subsoil water NO3-N 
means (Pr>F = 0.08) with significantly lower NO3-N concentrations for manure and 
UAN applied side-dress and significantly higher subsoil water NO3-N concentrations for 
manure applied in spring even at the low N rate. 
In all three years side-dress applications even at the high N rate resulted in lower 
subsoil water NO3-N means than fall and or spring applications (see Table 7). In 1998 and 
1997 NO3-N means from side-dress applications were significantly lower but were non­
significant in 1997. In 1996 NO3-N means from side-dress applications were lower than 
spring application but were non-significant. 
UAN resulted in higher subsoil water NO3-N than manure only in 1998 for the side-
dress applications. Similar results were reported by Hedge (1998). 
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As the results of Table 7 indicate, manure applied in the spring resulted in the 
highest NO3-N concentrations in 1996 and 1998, but means were not significantly different 
in 1996. In 1998, fall applications resulted in the 2™^ highest subsoil water NO3-N means. 
No significant effects of N rate applied on NO3-N concentrations were found in any 
of the three years. However NO3-N concentrations in the subsoil water responded to N 
input level with lower subsoil water NO3-N means recorded at 84 kg N ha"' and higher 
NO3-N means at 252 kg N ha'^ in all three years (see Table 6). Baker and Melvin (1994) 
reported that NO3-N loses increased with increasing N rate. The apparent response in 
NO3-N concentrations to N applied was greatest in 1998. Baker and Johnson (1981) 
reported higher NO3-N concentrations in tiles after a second fertilizer application. 
This lack of evidence of significant N rate effects on subsoil water NO3-N in all 
three years could imply that N rate affected NO3-N concentrations but differences were 
small and/or were not detected by the analysis of variance because of other factors 
including large mean square error. 
Block effect had a significant effect on subsoil water NO3-N concentrations in all 
three years which implies that field variability was an important factor (Table 8). The 
interaction of N rate*Method*Block was found to be highly significant (Pr>F=0.0001) in 
all three years which also implies that subsoil water NO3-N responses to treatments varied 
among blocks. In 1996 and 1998 time of sampling (week) was highly significant (Pr > F = 
0.0001) which suggest that treatment effects on subsoil water NO3-N varied among weeks 
(Table 8). In 1997, the week effect was non-significant implying that treatment effects on 
subsoil water NO3-N were similar during the weeks of the growing season (Table 8). 
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Appendix A contains the results of the data of subsoil water NH4-N (recorded in 
1997 and 1998) and pH (recorded between 1996 and 1998) analyzed in the subsoil water. 
No significant treatment effects were observed in either subsoil water NH4-N or pH. 
Weather data 
As other studies suggested, NO3-N is a fairly mobile ion that is transported in the 
soil solution rather easily. Thus, moisture content affects the fate of NO3-N in the subsoil 
water, but the extent is imcertain. Precipitation increases leaching of NO3-N but this may 
not always result in increased NOs'-N concentrations in groimd water because of the 
dilution effect (Briggs and Courtney, 1985). 
A summary of weather information is presented in Table 9 for the three years. The 
results show that 1997 had the lowest precipitation of the three years and 1998 had the 
highest precipitation. Furthermore, 1998 had concentrated rainfall during the last part of 
May and first half of June. 
To evaluate if there was a relationship between NO3-N concentrations monitored 
and amount of precipitation, a correlation was performed considering the amount of total 
precipitation received up to the day before water sampling. Pearson correlation 
coefficients were not strong (0.40, 0.06 and 0.52 for 1996, 1997 and 1998, respectively), 
and showed a high variability. When plotted against precipitation, NO3-N concentrations 
increased with increasing precipitation up to July or the first part of August. This may 
have happened because nitrification continued to occur until this part of the growing 
season. After that period, NO3-N concentrations remain unchanged or decreased regardless 
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Table 9. Summary of weather conditions during the growing season. 
Total precipitation Average air temperature 
Month 1996 1997 1998 1996 1997 1998 
>>>•>> 
April* 4 86 178 7.5 l A  10.9 
May 107 52 200 13.6 13.8 18.9 
June 128 64 263 20.6 21.9 19.6 
July 124 94 56 20.9 22.6 23.3 
August 122 30 32 20.4 20.6 22.3 
September 82 48 1 15.0 17.5 19.7 
October* 0 32 1 12.0 11.0 11.0 
Average; 81 58 104 15.7 16.4 18.0 
Total: 567 406 731 
*Dcua may not reflect the complete month. 
of the amount of precipitation received because by that time most of the nutrients were 
removed by the crops and a decline in NO3-N concentrations occurred. 
In addition, it was observed that during the early stages of the growing season, 
NO3-N concentrations remained similar during a dry week that followed a wet one (data not 
shown). A precipitation event may not have transported all the NO3-N at once but 
additional precipitation events may have contributed to the NO3-N movement. 
Crop yields 
Figure 8 shows the average com yields obtained for the three years. From this 
figure it can be concluded that treatment applications resulted in higher yields than non-
treatments (controls) for all three years. 
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Figure 8. Average com yield by N rate. 
a) 1996, north site, b) 1997, south site, c) 1998, north site. 
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The analysis of variance was performed to evaluate treatment effects on com yield 
using the randomized, complete block design by year (SAS Instimte, 1995). The results of 
the probabilities of greater F (Pr > F) are shown in Table 10. Control plots were not 
included. 
Yields were different for each individual crop year, with 1998 (highest precipitation 
recorded) having the highest yields and 1997 (lowest precipitation recorded) the lowest 
corn yields. Furthermore, in 1998 a different com hybrid was used (see Table 2). 
The results suggest that N rate had a profound effect on com yields in 1997 and 
1998 but was non-significant ia 1996. Corn yields increased with N application rate up to 
168 kg N ha"' in 1996 and 1997, but at 252 kg N ha ' com yields means remained the same 
or even decreased slightly. Baker and Melvin (1994) also reported that com yield 
responded to N applied up to 168 kg N ha"'. In 1998 com yield increased with increasing 
N rate even at 252 kg N ha"' (see Figure 13). 
Methods of application significantly affected corn yields only in 1996 but that year 
did not have fall treatments. 
Table 10. Probability of greater F for com yields. 
FT > F 
Source 1996 1997 1998 
NRATE 0.3374 0.0339* 0.0136* 
METHOD 0.0054* 0.1876 0.3504 
NRATE*METHOD 0.5256 0.5151 0.9414 
*= Significant at the 0.05 probability level 
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Overall, swine manure treatments resulted in higher corn yields than UAN 
treatments in all three years. Hatfield and Prueger (1994) reported that swine manure 
resulted in late fall com stalk nitrate test closer to the adequate range than commercial 
fertilizer. The methods that produced the highest com yields were manure side-dress (in 
1996) and manure with nitrapyrin in the fall (in 1997 and 1998). 
In 1997 and 1998 com yield responses to methods of application showed similar 
trends, from high to low yields: manure with nitrapyrin applied in the fall, manure in the 
fall, side-dress and spring, and UAN applied side-dress with the lowest com yields. But in 
1997, differences in com yields were small and in 1998 differences in com yields were 
larger. 
Soybean yield data are shown in Appendix B, for 1997 and 1998. In 1996, there 
was no soybean rotation. No significant treatment effects were found after performing the 
analysis of variance for any of the years studied. 
Total N uptake and N recovery 
Total N uptake is the concentration of N found in plant and grain samples multiplied 
by yield of the material. Total N uptakes are shown in Figure 9 for the three years. 
An analysis of variance was performed for total N uptake for each year using the 
randomized, complete block design structure by year (SAS Instimte, 1995) and the results 
are shown in Table 11. Control plots were not included. 
The results suggest that total N uptake in control plots was lower than in plots that 
received treatments, and varied among years. In 1996 total N uptake was the highest and 
in 1998 was the lowest. 
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Table 11. Probabilities of greater F for total N uptake. 
Pr > F 
Source 1996 1997 1998 
NRATE 0.0143* 0.0010* 0.0104* 
METHOD 0.0232* 0.0053* 0.3659 
NRATE*METHOD 0.6373 0.4554 0.8229 
* Significant ca the 0.05 probability level. 
Nitrogen application rate significantly affected total N uptake in all three years, 
while methods of application had a significant effect on total N uptake in 1996 and 1997 
but 1996 did not have fall applications. 
In 1996, total N uptake increased with increasing N rate for the side-dress 
treatments (manure and UAN), but when manure was applied in the spring total N uptake 
increased until 168 kg N ha"' and decreased at 252 kg N ha"'. 
In 1997, when manure was applied in the spring, increasing N rate up to 168 kg N 
ha"' did not change total N uptake but it increased at 252 kg N ha"'. The other four 
methods of application resulted in an increased total N uptake up to 168 kg N ha"' but 
decreased at 252 kg N ha"'. 
In 1998, with the exception of manure in spring, all methods increased total N 
uptake with increasing N rate, but increments were small particularly at 252 kg N ha"'. 
When manure was applied in the spring total N uptake decreased and then increased with 
increasing N rate. 
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Figure 10. Overall means of total N uptake by N rate and by year. 
The summary of the overall means of total N uptake plotted by year is shown in 
Figure 10 which suggests that total N uptake increased with increasing N rate up to 168 kg 
N ha"' in 1996 and 1997, but did not change when N rate applied was increased to 252 kg 
N ha"'. In 1998, total N uptake increased with increasing the N rate and it was the lower of 
the three years. 
The N recovered by crops (plants and grain) is estimated by the parameter N 
recovery, which is calculated using the following formula, and is usually expressed as a 
fraction (commonly in %): 
[Total N uptake] pioc - [Total N uptake] control 
N recovery (%) = { } x 100 
N rate applied 
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Nitrogen recovery was estimated for each treatment within a block or replication. 
The results are shown in Figure 11. Another analysis of variance was performed to 
investigate treatment effects on N recovery and the results are shown in Table 12. Control 
plots were not included. Nitrogen recovery was significantly affected by N rate only in 
1997 and by methods of application in 1996 and 1997. In 1998, N recovery was not 
significantly affected by treatments. One possible explanation could be that in 1998 the 
values estimated for N recovery were smaU. 
The summary with the overall means of N recovery are shown in Figure 12 which 
suggests that increasing N rate decreased the N recovery for all three years and N recovery 
varied among years. Highest recoveries were observed in 1996 and the lowest in 1998. 
In 1996, N recovery decreased with increasing N rate for manure side-dress, but the 
other two methods showed more variability in their response to N applied. In 1997, N 
recovery decreased with increasing N rate with the exception of manure applied in the 
spring that resulted in a small increase as N rate increased from 168 to 252 kg N ha"'. 
Similar trends were found for the third year, 1998, but N recovery were the lowest, 
especially at 84 and 168 kg N ha"' of applied N. 
Overall means of N recovery (Figure 12) suggest that N recovery decreased with 
increasing N rate but responses varied among years. In 1996, N recovery did not change 
between N rates 84 and 168 kg N ha"' but decreased with 252 kg N ha'^ In 1997 and 
1998, N recovery decreased when N rate increased. 
57 
a) 1996, NORTH SITE 
84 168 
N RATE, kg N ha"" 
252 
b) 1997, SOUTH SITE 
>-
DC UJ 
> 
o 
u LU CC 
100 
75 
50 
25 
0 
- -
—=-
r - . .  
-• 
84 168 
N RATE, kg N ha*^ 
252 
c) 1998, NORTH SITE 
>• 
DC UJ 
> 
o 
o UJ 
oc 
100 
75 
50 
25 
0 
o - • • 
r— 
1 
84 168 
N RATE, kg N ha*^ 
252 
—5—Manure in spring - _ Manure in fell 
.. -o. - - Manure with nitrapyrin in fell -.jk--Manure side-dress 
- - - UAN side-dress 
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Table 12. Probabilities of greater F for total N recovery. 
Pr > F 
Source 1996 1997 1998 
NRATE 0.1198 0.0001* 0.2024 
METHOD 0.0062* 0.0334* 0.3815 
NRATE*METHOD 0.1850 0.7996 0.5427 
*= Significant at the 0.05 probability level. 
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Figure 12. Overall means of N recovery. 
Relationship betveeen corn yield and water nitrate-N 
The effectiveness of environmentally sound agricultural practices is always 
questioned. Com yield means were plotted against subsoil water NOs-N concentrations 
means for each year in order to evaluate com yield responses to treatments applied and 
their impact on water quality (Figure 13). 
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Figure 13. Overall subsoil water NO3-N and com yield means by year. 
The results suggest that subsoil water NO3-N and com yield responded to N rate 
applied, but subsoil water NO3-N responses were non-significant. In 1998, subsoil water 
NO3-N means and com yields were the highest, but N uptake and N recovery were the 
lowest of the three years. In 1997, com yields were the lowest and subsoil water NO3-N 
means remained in the lower range with the exception of manure with nitrapyrin at 252 kg 
N haFor all three years in control plots (0 kg N ha'^) com yields and overall subsoil 
water NO3-N were the lowest when compared to the treated plots. 
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The increased com yields and NO3-N concentrations recorded in 1998 could be 
possibly explained because of the effect of the previous legume rotation in the north site 
(soybean), the effect of second manure application and increased precipitation. An 
important factor to be considered is the fact that a different com hybrid was used (see 
Table 2). Therefore, N management practices should be carefully evaluated. 
Relationship betw^een N recovery and subsoil water nitrate-N 
The higher subsoil water NO3-N concentrations observed in 1998 (Figure 13), could 
have been caused in part because of the reduced N uptake and N recovery, and increased 
precipitation measured in that year. 
Thus a reduced N recovery at the highest N application rates in 1998 resulted in an 
increase in subsoil water NO3-N means. 
CONCLUSIONS 
Nearly 1700 water samples were collected from these plots during 3 growing 
seasons and were analyzed for NO3-N. No significant treatment effects on subsoil water 
NO3-N were found the first two years of the experiment. This is similar to the 1 to 2 year 
lag phase before treatments became evident as reported by Kanwar et al. (1988) and Pmnty 
and Montgomery (1991). 
Methods of application significandy affected subsoil water NO3-N concentrations in 
the third year of the experiment. Side-dress applications, both manure and UAN, resulted 
in significantly lower subsoil water NO3-N means while manure applied in the spring in 
significantly higher NO3-N means. 
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No significant effects of N rate on subsoil water NO3-N means were observed in 
any of the three years of this smdy. However, subsoil water NOs-N concentrations 
responded at some level to the increasing N application rate. Overall subsoil water NO3-N 
means were higher at the highest N rate of 252 kg N ha"^ but were lower at 84 kg N ha ' in 
all three years. Control plots had subsoil water NO3-N means smaller than treatment 
means. Similar results, high NO3-N concentrations with high N rate but low NO3-N 
concentrations with low N rate, were reported by Cook (1998). 
Furthermore, subsoil water NO3-N concentrations varied for each individual crop 
year. The highest NO3-N concentrations, precipitation and com yields were recorded in 
1998. Lower NO3-N concentrations, precipitation and com yields were observed in 1997. 
This increased NO3-N concentrations recorded in 1998, could be explained due to 
above average precipitation that possibly transported more NO3-N ions, reduced N 
recovery and total N uptake, the effect of the soybean rotation and the second swine 
manure application, could have all contributed to the increased NO3-N concentrations. 
Power et al. (1998) concluded that excessive precipitation and/or irrigation will increase 
the potential for NO3-N leaching. 
Field variability was an important factor. Subsoil water NO3-N responses to 
treatments varied among blocks in all three years. Sampling time was also important in 
monitoring subsoil water NO3-N evolution in 1996 and 1998 but was non-significant in 
1997 which was the driest of the three years. 
Treatments had a profoimd effect on com yield. Methods of application had 
significant effects of com yield only in 1996. Nitrogen rate significandy affected com 
yield in 1997 and 1998. Cora yield responded to level of N applied up to 168 kg N ha"' in 
1996 and 1997 but additional increases of N input resulted in no additional increase in com 
yields. But in 1998 com yield responded to increasing N rate. Baker and Melvin (1994) 
also reported evidence of com yield responses up to 150 lb N ac' (168 kg N ha"') with 
com/soybean rotation. 
Swine manure resulted in higher com yields than UAN, but responses varied among 
years. In 1996 there were no fall treatments and com yield was higher for manure applied 
in the spring and side-dress. In 1997 and 1998 either fall or spring manure application 
resulted in higher com yields, with the later year having the highest yields. 
In 1998, com yields were in excess between 373 and 2806 kg ha"' of the county 
average and were maximized at 252 kg N ha"'. Subsoil water NOs-N concentrations were 
also maximized at the high N rate which suggest that swine manure applied in the fall or 
spring at 252 kg N ha"' could have negative impacts on water quality. Kanwar et al. (1998) 
reported that the application of reduced N rates of 100 and 120 lb N ac ' (112 and 135 kg N 
ha ') could achieve adequate com yields, preventing deterioration of water quality. 
Total N uptake in crops differed among years and was significantly affected by 
treatments applied. The highest total N uptake was recorded in 1996 and the lowest in 
1998. In 1996 and 1997, total N uptake increased with N rate up to 168 kg N ha ' but an 
additional increase in N rate did not change total N uptake. In 1998, total N uptake 
increased with increasing N rate and was the lowest of the three years. 
Treatments significantly affected N recovery the first two years of the experiment 
but were non-significant in the third year. Overall, N recovery decreased when N applied 
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increased but the extent varied for each crop year. Higher N recovery were recorded in 
1996 and lower in 1998. Overall N recovery means suggest a decrease with increasing N 
rate but responses varied according to crop year. 
Careful N management is strongly recommended because of the potential increase 
of subsoil water NOs-N with increasing N rate and with fall and spring applications. 
Although typical drinking water wells usually exceed the depth of sampling of the 
lysimeters used (1.2 m) care should be taken because the subsoil water monitored is the 
pathway of NO3-N to groundwater resources. With adequate N management it is possible 
to mitigate the antecedents and fate of NO3-N in water supply. 
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CHAPTER IV 
EFFECT OF VARIABLE RATES, TIMES AND METHODS OF APPLICATION OF 
SWINE MANURE ON RESIDUAL SOIL NITRATE-NITROGEN 
A paper to be submitted to the Journal of Enviromnental Quality. 
Sara Smith and Randy KUlom* 
ABSTRACT 
The estimated 21 million tons of swine manure produced annually in Iowa creates 
an urgent need for adequate techniques for land disposal. If properly managed, swLae 
manure could have beneficial effects on soil conditions and could be used as a nutrient 
source with minimal environmental impacts. This study evaluated the effects of swine 
manure on residual soil nitrate-nitrogen (NO3-N) on 48 plots (3.05 m wide x 15.24 m long) 
arranged in a randomized, complete block design, with com (Zea mays L.) rotated with 
soybean {Glycine max L.). Treatments were a factorial combination of nitrogen (N) rates 
(0, 84, 168 and 252 kg N ha ') and methods of application (spring, side-dress and fall 
manure; fall manure with nitrapyrin; and liquid Urea-Ammonium-Nitrate, UAN, applied 
side-dress). Soils at the site were in the Clarion-Nicollet-Webster soil association. The 
results suggest that soil NO3-N had a vertical gradient, decreasing with depth. Soil NO3-N 
accumulation particularly in the surface (0-30 cm) increased with increasing N rate. At the 
depths of 0-30 and 30-60 cm, treatment effects on residual soil NO3-N were non-significant 
the first two years of the study but were significant in the third year. Nitrate-N 
accumulation at the depth of 90-120 cm was low even at the higher N rates. Careful 
*Corresponding author. Randy Killom. Professor. Iowa State University. Ames, Iowa, rldllorn@iastate.edu 
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monitoring is needed because of the potential NO3-N accumulation at 0-30 and 30-60 cm. 
INTRODUCTION 
The estimated 21 million tons of swine manure that is produced annually in the state 
of Iowa has generated an urgent need for adequate treatment and disposal. Land 
application of swine manure represents an alternative to waste disposal with beneficial use 
of the valuable nutrients available in swine manure that make it suitable for crop 
production. With adequate management land application of swine manure may improve 
soil quality. 
However, this agricultural practice, when not properly managed, generates concerns 
about the possible enviroimiental impacts, particularly in water quality because of potential 
leaching of nitrate-nitrogen (NO3-N) to groundwater resources and potential contamination 
of private or public drinking water supplies. 
This smdy evaluated the effects of land application of swine manure on residual soil 
NO3-N concentrations. 
LITERATURE REVIEW 
Swine manure is known as a valuable source of nutrients for crops (Killom, 1985; 
Miranowski, 1998). Land application of swine manure represents an alternative to waste 
disposal. With adequate management, sustainable practices that include application of 
manure for crop production will result in increased soil organic matter and 'would lead to 
improved soil conditions' (Hatfield, 1993). 
When nitrogen (N) is supplied in excess of the required amount to obtain maximum 
yields and beyond optimum plant uptake the residual soil NOa-N will increase and potential 
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leaching may occur. Richards et al. (1996) studied the effects of N fertilization on residual 
soil NO3-N after harvest of winter barley for three years. Ammonium-nitrate was hand 
applied to seven field trials at N rates of 40, 80, kg N ha"' and continued to increase 20 kg 
N ha'' to a N rate of 240 kg N ha"'. The results indicated that residual soil NO3-N 
significantly increased at the highest rate of N application. The N rate for optimum yields 
was obtained between 47 and 189 kg N ha"' with a mean value of 142 kg N ha"', but the 
normal recommended N rate was 160 kg N ha"'. Therefore, N applications should not 
exceed the recommended levels to reduce the environmental consequences of potential 
NO3-N leaching due to increased accumulation of soil NO3-N. 
Roth and Fox (1990) measured the soil NOs-N accumulation in response to N 
fertilization of com during a two-year period. Ammonium-nitrate was applied at rates of 
50, 100, 150 and 200 kg N ha"' on nine sites plus two sites with previous manure 
application. The results suggested that residual soil NO3-N increased with increasing N 
rate and that the sites with previous manure applications had even larger soil NO3-N 
accumulation. The authors recommended "careful N management in manure-based 
systems". 
Long term application (> 10 years) of animal manure and fertilizer has been 
reported to increase soil NO3-N accumulation and thus the potential for leaching and as a 
result may affect ground water quality. 
Sharpley et al. (1993) investigated the effects of long term applications of poultry 
litter (12 to 35 years) on soil NO3-N (and other nutrients) in Oklahoma. Annual loads 
averaged 270 kg N ha"' and the effects of repeated manure application were evident. In the 
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top 5 cm of soil, NO3-N averaged 49 and 13 mg kg'' for manured and non-manured soils, 
respectively. The authors pointed out that relatively less of the litter N was retained in the 
soils and suggested appropriate monitoring for long term manure applications. 
Chang et al. (1991) reported that increasing N rates applied as cattle manure 
increased soil NO3-N accumulation. Manure was applied for 11 years on non-irrigated 
com at N rates of 30, 60 and 90 Mg ha"' and on irrigated com at N rates of 60, 120 and 
180 Mg ha"'. Soil accumulation of NO3-N was evident at the highest recommended N rates 
or higher (30 and 60 Mg ha"' for non-irrigation and irrigation systems, respectively) and 
from the NO3-N concentrations monitored in soil at 150 cm depth, it was estimated that 
potential leaching may occur. 
Gutser and Dosch (1996) compared the N accumulation in soils from long term 
cattle slurry application with inorganic fertilizer for 11 years. Average N load applied was 
120 kg N ha"'. Their results suggested that the repeated application of cattle slurry 
increased soil N accumulation. Furthermore, NO3-N leaching losses, were on the average, 
10 kg N ha"' yr"' higher for cattle slurry treatments than for inorganic N. 
Power et al. (1998) reported that soil texture and permeability are important factors 
affecting NO3-N leaching. Vuhierable soils are those with high permeability. Jury et al. 
(1991) explained that soil structure plays an important role in soil chemical transport 
mechanisms because it affects the extent and continuity of pores that may cause preferential 
flow. 
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Gardner (1965) reported that the transport of NO3-N, an anion with virtually no 
adsorption to soil particles, was predominantly influenced by NO3-N concentration and the 
movement of soil solution. 
Randall and Vetsch (1996) investigated the effects of application of dairy manure 
and UAN on NO3-N accumulation in soils and soil water in a com rotated with alfalfa 
cropping system. Rates of maniure application were 10, 20 and 30 t a ' (24.7, 49.4 and 
74.1 t ha"^) of semi solid manure (10.8 lb N t"' or 4.9 kg N t"') for the first year; 7500, 
10000 and 13800 gal a'^ (70, 94 and 129 m^ ha'^) of liquid manure (27.6 lb N 1000 gal"' or 
3.31 kg N per m^) during the second year and UAN from 0 to 160 lb N a"' (0 to 179 kg N 
ha '). Manure applications did not improve com yields in the first year but soil NO3-N 
accumulation was greater than controls. In the second year com yield responded up to the 
lowest N rate of manure applied. Therefore, manure was not recommended for the first 
year of this crop system. 
The objective of this study was to evaluate the impacts of land application of liquid 
swine manure at variable rates and methods of application on residual soil NO3-N 
concentrations. The results of this smdy wiU contribute to improve current N management 
practices to minimize the potential leaching of NO3-N to groundwater resources. 
MATERIALS AND METHODS 
A field experiment was conducted between 1996 and 1998, at the Agronomy and 
Agricultural and Biosystems Engineering Research Farm of Iowa State University, Boone 
County. It consisted of 48 plots (15.24 m long x 3.05 m wide) arranged in a randomized. 
complete block design (Figure 1). Com (Zea mays L.) was rotated with soybean {Glycine 
max L-). 
The experiment was located in the Clarion-Nicollet-Webster soil association. The 
predominant soils were a Clarion (fine-loamy, mixed, mesic Typic HapludoUs) and a 
Nicollet (fine-loamy, mixed, mesic Aquic HapludoUs). 
A factorial combination of swine manure applied to supply various N rates and 
methods of application resulted in 16 treatments (Table 1). Treatments were replicated 
three times. Table 2 shows the dates of planting, harvesting, treatment application and soil 
sampling. 
The swine manure was obtained from the Iowa State University Swine Nutrition 
Farm located north of Ames. To achieve the desired N rates, the amount of manure 
applied was determined considering its N concentration and that approximately 52.5% of 
the N applied will be available for crops. A manure sub-sample was obtained prior to field 
applications to determine the nutrient concentration. During each treatment application, a 
manure sample was obtained to determine the actual concentration of nutrients applied. 
Table 3 shows the nutrient concentration and waste characterization found in the swine 
manure applied in the plots for the three years of the experiment. All results are expressed 
as total concentration. 
Manure was injected to a depth of 10 to 15 cm below the ground and was applied 
using a manure spreader designed and built by Wetterauer and Killom (1998). 
Soil samples were obtained before planting and after harvest during the three 
growing seasons. In all cases, samples were taken before the application of either spring 
abc (x) a= Block 
bc= Plot 
(x)= Treatment 
South site: 
Com (1997) 
So/bean (1998) 
15.24 m 
316 (13) 313 (7) 310 (2) 307 (14) 304 (8) 301 (1) 
314 (4) 311 (3) 308 (5) 305 (16) 302 (15) 
315 (10) 312 (9) 309 (6) 306 (12) 303 (11) 
216 (10) 213 (12) 210 (6) 207 (8) 204 (15) 201 (5) 
214 (1) 211 (2) 208 (11) 205 (16) 202 (9) 
215 (3) 212 (7) 209 (13) 206 (4) 203 (14) 
116 (7) 113 (10) 110 (2) 107 (11) 104 (5) 101 (1) 
114 (12) 111 (6) 108 (13) 105 (4) 102 (16) 
115 (8) 112 (15) 109 (14) 106 (3) 103 (9) 
310 (2) 302 (11) 210 (4) 202 (15) 111 (5) 105 (7) 101 (16) 
311 (1) 303 (5) 211 (5) 203 (16) 112 (2) 106 (3) 102 (14) 
312 (6) 304 (16) 212 (6) 204 (12) 113 (15) 107 (12) 103 (11) 
313 (10) 305 (9) 213 (9) 205 (11) 114 (1) 108 (13) 104 (6) 
314 (8) 306 (13) 214 (3) 206 (1) 115 (10) 109 (9) 
315 (15) 307 (14) 215 (14) 207 (10) 116 (8) 110 (4) 
316 (3) 308 (12) 216 (13) 208 (7) 201 (8) 
309 (4) 301 (7) 209 (2) 
t 3.05 m 
Wort/? site: 
Com (1996). 
Soybean (1997) 
Com (1998) 
U) 
Figure 1. Field experiment plot lay out. 
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Table 1. Description of treatments applied in plots. 
Method of application 
Treatment Fertilizer Inhibitor Time N rate 
kg N ha"^ 
1 Control 0 
2 Manure Spring 84 
3 Mannre Spring 168 
4 Manure Spring 252 
5 Manure Fall 84 
6 Manure Fall 168 
7 Manure Fall 252 
8 Manure Nitrapyrin Fall 84 
9 Manure Nitrapyrin Fall 168 
10 Manure Nitrapyrin FaU 252 
11 Manure Side-dress 84 
12 Manure Side-dress 168 
13 Manure Side-dress 252 
14 UAN Side-dress 84 
15 UAN Side-dress 168 
16 UAN Side-dress 252 
Table 2. Dates of planting, harvesting and soil sampling activities. 
Year Crop Planting Harvesting 
Soil sampling 
Before Planting After harvest 
1996 Com 5/20/96 10/31/96 4/10/96 11/22/96 
1997 Com 4/29/97 10/7/97 4/1/97 10/15/97 
1998 Com 5/6/98 10/8/98 4/11/98 11/3/98 
Table 3. Nutrient concentration and waste characterization in swine manure. 
Year Time Nitrogen NH3-N Phosphorous Potassium Solids COD* 
mg L-' 
1996 Spring 4107 1670 2060 2033 51197 46900 
Side-dress 3204 2410 1119 1472 24639 44461 
1997 Fall 4736 3118 1326 2353 41494 66654 
Spring 2387 1795 555 1370 9800 16653 
Side-dress 2640 2120 520 1518 16533 34846 
1998 Fall 2616 1833 579 1090 15916 28978 
Spring 1789 1703 288 1055 5582 6480 
Side-dress 3312 2845 1008 1680 23631 44012 
* = Chemical Oxygen Demand 
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or fall treatments. Hand probes and/or a hydraulic probe were used for that purpose. 
Soil samples were obtained in 30 cm increments to a depth of 120 cm. Composite 
soil samples were made from two cores per layer and per plot. Soil samples were placed 
in paper bags with a plastic liner. Samples were dried at 37.8°C for a minimum of 48 
hours and ground to pass through a 2 mm sieve (Gelderman and Mallarino, 1998). A 
10.00 g sample of soil was extracted with 50.0 ml of 2 M Calcium Chloride (CaCb) 
solution as recommended by Gelderman and Beegle (1998). The extracted solution was 
analyzed for NOs-N (Cadmium reduction method) and NH4-N (Automated phenate method) 
as recommended by Lachat Instruments (1993). 
The experimental plots were arranged in a randomized, complete block design. 
Treatment structure was a factorial combination of N rate and methods of application. The 
analysis of variance (ANOVA) was performed by sampling time and by depth (SAS 
Institute, Inc., 1995). 
RESULTS AND DISCUSSION 
The effects of treatments on soil NOs-N are shown in Figures 2 through 6 (manure 
in spring, manure in fall, manure with nitrapyrin in fall, manure side-dress and UAN side-
dress, respectively). Soil NO3-N decreased with depth for all methods of application. Soil 
NO3-N response to treatments varied with sampling time and crop year. The analysis of 
variance was performed by individual sampling time and layer (depth) of soil. The 
probabilities of greater F for soil NO3-N are shown in Tables 4 through 8 for each of the 
sampling times (fall 1996, spring 1997, fall 1997, spring 1998 and fall 1998, respectively). 
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Figure 2. Soil NO3-N in com plots that received manure in the spring. 
a) After harvest 1996. b) Before planting 1997. c) After harvest 1997. 
d) Before planting 1998. e) After harvest 1998. 
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Figure 3. Soil NO3-N for com plots that received swine manure in the fall, 
a) Before planting 1997. b) After harvest, 1997. c) Before planting 1998. 
d) After harvest, 1998. 
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Figure 4. Soil NO3-N for com plots that received swine manure with nitrapyrin in the fall, 
a) Before planting 1997. b) After harvest, 1997. c) Before planting 1998. 
d) After harvest, 1998. 
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Figure 5. Soil NO3-N in com plots that received manure side-dress. 
a) After harvest 1996. b) Before planting 1997. c) After harvest 1997. 
d) Before plantmg 1998. e) After harvest, 1998. 
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Figure 6. Soil NO3-N in com plots that received UAN side-dress. 
a) After harvest 1996. b) Before planting 1997. c) After harvest 1997. 
d) Before planting 1998. e) After harvest, 1998. 
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Table 4. Probabilities of greater F for residual soil NO3-N, 1996. 
FT > F 
Source 0-30 cm 30-60 cm 60-90 cm 90-120 cm 
NRATE 0.1872 0.2108 0.0090* 0.0360* 
METHOD 0.4225 0.0761 0.0195* 0.0214* 
NRATE*METHOD 0.2974 0.4999 0.6266 0.3172 
*= Significant ca the 0.05 probability level. 
Table 5. Probabilities of greater F for before planting soil NO3-N, 1997. 
Pr > F 
Source 0-30 cm 30-60 cm 60-90 cm 90-120 cm 
NRATE 0.6434 0.5969 0.4057 0.7931 
METHOD 0.1671 0.9226 0.5304 0.8679 
NRATE*METHOD 0.8573 0.7475 0.8645 0.3007 
Table 6. Probabilities of greater F for residual soil NOs-N, 1997. 
Source 0-30 cm 
NRATE 0.3992 
METHOD 0.9747 
NRATE*METHOD 0.6238 
Pr > F 
30-60 cm 60-90 cm 90-120 cm 
0.7016 0.4809 0.4809 
0.4081 0.5400 0.4390 
0.5103 0.1103 0.4707 
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Table 7. Probabilities of greater F for before planting soil NO3-N, 1998. 
Pr > F 
Source 0-30 cm 30-60 cm 60-90 cm 90-120 cm 
NRATE 0.0448* 0.0605* 0.1409 0.1025 
METHOD 0.0001* 0.0001* 0.0005* 0.0635 
NRATE*METHQD 0.2661 0.2736 0.1506 0.2655 
*= Significant at the 0.05 probability level. 
Table 8. Probabilities of greater F for residual soil NOs-N, 1998. 
Pr > F 
Source_^^^^_^^^ii^i^0^0^cm^ 30-60cn^i^0-90icm_ 90-120_c^ 
NRATE 0.0105* 0.0134* 0.0317* 0.2718 
METHOD 0.0054* 0.1827 0.0696 0.0002* 
NRATE*METHOD 0.2640 0.6720 0.8901 0.8653 
*= Significant at the 0.05 probability level. 
The results suggest that soil NO3-N in the top 0-30 and 30-60 cm, was not 
significantly affected by treatments during the first two years of the experiment (1996 and 
1997) possibly due to leaching of NO3-N before soil sampling and variability caused by the 
injection of the manure. Significant treatment effects were observed in the third year 
(1998) for both sampling times, before planting and after harvest. In the deeper layers (60-
90 and 90-120 cm), residual soil NOs-N was significantly affected by N rate and method of 
application in 1996 and in 1998 by method of application in both sampling times, before 
planting and after harvest, and by N rate for the after harvest sampling time. 
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Means of residual soil NO3-N by N rate and method of application for the top layer 
sampled (0-30 cm) are presented in Tables 9 and 10, respectively. 
From Table 9, it can be concluded that at the depth of 0-30cm, N rate affected 
residual soil NO3-N but it varied for each individual crop year. For the three years, 
residual soil NOs-N were lower at the 84 kg N ha"' and higher at 252 kg N ha"', but N rate 
effects were non-significant in 1996 and 1997. 
There were no significant differences in residual soil NO3-N due to methods of 
application in 1996 and 1997 (Tables 4, 6 and 10). In 1996, side-dress applications 
(manure and UAN) resulted in higher residual soil NO3-N than spring application. In 
1997, fall applications, with and without nitrapyrin resulted in the highest residual soil 
NO3-N than manure spring or side-dress applications. In 1998, the manure applied side-
dress resulted in significantly higher soil NO3-N and the other methods of application 
resulted in significantly lower residual soil NO3-N. 
Table 9. Residual soil NO3-N by N rate from 0-30 cm. 
Sou NO3-N 
N rate 1996 1997 1998 
kg N ha'^ 
84 3.84 3.40 4.70b 
168 5.10 8.80 5.31b 
252 7.94 8.39 7.92a 
'Alpha=0.05. Means with the same letter are not significantly different. 
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Table 10. Residual soil NOs-N by method of application from 0-30 cm. 
SoQ NO,-N 
Method 1996 1997 1998 
mg kg 
Manure in spring 3.95 5.05 4.95b 
Manure in fall ^ 9.41 4.77b 
Manure with nitrapyrin in fall ^ 10.06 5.77b 
Manure side-dress 6.22 5.13 9.57a 
UAN side-dress 6.70 4.65 4.84b 
*Alpha=0.05. Means with the same letter are not significantly different. 
' Fall treaimeras were not applied. 
For the three years of data collected, residual soil NOs-N decreased with increasing 
depth. Therefore, soil NOs-N at the deepest layer sampled (90-120 cm) did not have high 
accumulation, and indeed mean residual soil NOs-N concentrations varied from 0.88 to 
3.18 mgkg"'. 
The soil NH4-N data is shown in Appendix C. Soil NH4-N decreased with depth 
but no significant treatment effects were observed on soil NH4-N during the three years of 
the experiment. 
CONCLUSIONS 
In all three years and at both sampling times, before planting and after harvest, soil 
NO3-N concentrations decreased with depth. In the top layers (0-30 and 30-60 cm), soil 
NO3-N was not significantly affected by treatments (at the 0.05 probability level) during the 
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first two years of the experiment neither before planting nor after harvest. However, N 
rate and methods of application had a profound effect on soil NO3-N during the third year 
of the smdy in both sampling times, before planting and after harvest. Smith and Killom 
(1999) found similar results when monitoring subsoil water NO3-N in the same plots, no 
significant treatment effects the first two years of the smdy but methods of application had 
a significant effect on subsoil water NO3-N in the third year. 
In the deeper layers (60-90 and 90-120 cm), treatments had a significant effect on 
residual soil NO3-N during the first year. In 1997 and at the same depths, treatment effects 
on soil NO3-N were non-significant both before planting and after harvest. In 1998, 
method of application significantly affected soil NO3-N for both sampling times before 
planting and after harvest. 
In the top layer (0-30 cm), there was some response of residual soil NO3-N to 
applied N but was non-significant in 1996 and 1997 and significant in 1998. The lower N 
rate (84 kg N ha"') resulted in lower residual soil NO3-N for all three years and the highest 
N rate (252 kg N ha'^) resulted in higher residual soil NO3-N. Richards et al. (1996) also 
reported a significant increase in residual soil NO3-N at the highest N rate of 240 kg N ha' 
and above the recommended N rate of 160 kg N ha"'. Similar results were also reported by 
Roth and Fox (1990) who concluded that residual soil NO3-N increased with increasing N 
rate and that previous manure applications will produce even larger soil NO3-N 
accumulation. 
At the same depth of sampling (0-30 cm), the effects of methods of application, 
were non-significant in 1996 and 1997. In 1996, side-dress applications (manure and 
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UAN) had higher residual soil NO3-N than spring application. In 1997 fall applications of 
manure with and without nitrapyrin had higher residual soil NO3-N than the other methods 
of application. The second year of the experiments, 1997, was the driest of the three years 
and not all the NO3-N was transported with the soil solution and possibly cumulated in the 
soil producing lower com yields. In 1998 manure applied side-dress resulted in 
significantly higher residual soil NOs-N (see Table 10). 
The results suggest that increasing N rate applied may result in increasing residual 
soil NO3-N particularly in the first and second layers of sampled soil (0-30 and 30-60 cm). 
These effects were evident in the third year of the experiment (1998), possibly due to 
several factors including effect of the second manure application, soil mineralization, above 
average precipitation and soybean rotation. Therefore, high rates of manure application 
should be carefully monitored for soil NOb-N accumulation to prevent environmental 
degradation. 
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CHAPTER V 
EFFECTS OF BROADCAST SWINE MANURE APPLIED AT DIFFERENT TIMES 
ON SUBSOIL WATER NITRATE-NITROGEN IN MICROPLOTS 
A paper to be submitted to the Journal of Environmental Quality 
Sara Smith and Randy Killom* 
ABSTRACT 
Environmental concerns about land application of swine manure have promoted 
extensive research in this area. Land availability for field stodies is of critical importance. 
This experiment was intended to compare the effectiveness of microplots for monitoring 
subsoil water nitrate-nitrogen (NO3-N) using ceramic cup lysimeters (5.08 cm diameter x 
120 cm deep). Twenty-five microplots (1.52 m x 1.52 m) were arranged in a completely 
randomized design. Treatments (swine manure in the fall, spring and side-dress, urea side-
dress and controls) with five replications were applied to com (Zea mays L.) and soybean 
{Glycine max L.). Nitrogen (N) rates were 202 kg N ha"' for manure and urea and 0 kg N 
ha ' for controls. Subsoil water NO3-N concentrations varied by treatment, crop and year. 
In 1996, treatments had a significant effect on microplots of com with significantly lower 
water NO3-N in controls and significantly higher in urea side-dress. Treatments had no 
significant effects on water NO3-N in microplots of com in 1997 and 1998, and in 
microplots of soybean in all three years. Microplots of soybean had highest subsoil water 
NO3-N in 1998 (highest precipitation) and lowest in 1997 (lowest precipitation). Most 
NO3-N concentrations decreased toward the end of the growing season. The lack of 
•Corresponding author. Randy Killom. Professor. Iowa State University. Ames, Iowa, rkillom@iastate.edu 
Sara Smith. Graduate Research Assistant. Iowa State University. Ames, Iowa, saraf094@iastate.edu 
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evidence of treatment effects make it very difficult to evaluate the effectiveness of these 
microplots. 
INTRODUCTION 
The lack of adequate management of swine manure application creates 
environmental concerns about the potential nitrogen (N) contamination of water resources. 
Nitrate-Nitrogen (NO3-N) leaching in particular has been the subject of extensive research 
including field experiments. Considering the current issues of non-point sources of 
pollution and their potential detrimental effects on water quality, it is likely that this 
research topic will continue. Adequate land is not always available for field experiments 
with regular plot sizes. 
While the study of NO3-N has received extensive research, little attention has been 
focused on microplots. This study was performed to evaluate the effectiveness of 
microplots on monitoring subsoil water NOa-N leaching and was part of a comprehensive 
field experiment that included 48 large plots (15.24 m long x 3.05 m wide). 
LITERATURE REVIEW 
Plot size plays an important role in agricultural research and its determination 
depends on several factors. 
"People sometimes ask about the best plot size for a certain species as if it were a 
constant of nature. Really they should be asking themselves questions that only they 
can answer. How am I to apply my treatments? What do I want to measure and 
how am I going to do it?" (Pearce, 1983). 
Holle (1960) performed a uniformity trial to determine the optimum size and shape 
of experimental plots for lima bean studies. Using a randomized block design with eight 
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treatments, the variability coefficient, standard error, % efficiency of plot size and number 
of replications were calculated. In this case, larger plot size resulted in a decreased 
variability coefficient but also with a decreased % efficiency of plot size. The author 
concluded that the most adequate plot size was found to be 15, 26.2 and 21.4 ft^ (1.39, 
2.43 and 1.99 m") and that larger plot sizes had an increase in the variance among plots. 
Dyke and Grundi (1988) suggested that plot size is dictated by the size of the 
available area of the field experiment and border effect, agricultural practices, availability 
of experimental materials and desired precision. Therefore, smaller plots are to be 
preferred over large plots if some of them are located in less representative areas of the 
whole field experiment. Pearce (1983) concluded that decreasing plot size under the 
optimum considerations may result in an increased variation coefficient and a distribution 
different than normal. 
Olson (1980) investigated the adequate microplot size to effectively measure N 
uptake in com. Ammonium sulfate, (NH4)2S04, was applied to supply 150 kg N ha"' with 
5.93 A% to soils that were classified as Smolan silt loam. The author reported that 
microplots should have at least three rows of 214 cm long separated 71 cm each, border 
rows should extend 36 cm and have at least three replications. 
Sanchez et al. (1987) reported the results of a three year smdy of '^N-labeled 
fertilizer and its lateral movement on microplots (2 m x 2 m). Microplots were located 
within "main plots" of 102 m^ area and contained four rows of crops with two of these 
rows located along the edges. The authors suggested that these microplots were effective 
in the measuring of recovery. Furthermore, for this type of measurement. 
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2 m X 2 m microplots would be appropriate under most circumstances, except where 
samrated conditions would be present. 
In a study conducted in West Africa, Stumpe et al. (1989) reported that microplots 
(3 m long X 2 m wide) were accurate in the measxirement of '^N recovery, under the 
conditions of that experiment. Located within larger plots, the microplots contained four 
rows of com separated 75 cm each and 8 plants per row. The authors observed no border 
effect on the 8 plants harvested per plot and concluded that the size of the microplots 
selected was the most favorable for their particular determination. 
Follett et al. (1991) found that the minimum size of microplots to precisely perform 
uptake determinations on winter wheat was 1.5 m x 1.5 m. The smdy was performed 
close to Akxon, Colorado on a Platoer silt loam soil. Fall application consisted of 10 A % 
'^N enriched KNO3 at N rates of 56 and 112 kg N ha'\ Dry matter yields, total-N uptake, 
uptake and A% plant concentrations were significantly higher at the highest N rate 
applied. Interactions between row position and N rate were non-significant. Therefore, 
plant N uptake was similar in the rows within the microplots or outside. Furthermore, the 
authors recommended the use of bigger plots for similar studies that needed to be extended 
for periods beyond a crop year. 
Small plots usually require intensive hand labor for famaing activities and will 
reduce the use of larger farm equipment that causes compaction and thus altering chemical 
(such as NO3-N) movement. This smdy does not attempt to review plot design criteria, but 
to present an alternative to perform field smdies in microplots and their effectiveness in 
monitoring subsoil water NO3-N. 
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The purpose of this study was to evaluate the effectiveness of microplots (1.52 m x 
1.52 m) in monitoring subsoil water NO3-N using ceramic cup lysimeters as a result of 
variable times of application of swine manure and urea applied to both, com rotated with 
soybean, for three growing seasons. 
MATERIALS AND METHODS 
The field experiment began in 1996 and continued through 1998. The experiment 
was located in the Clarion-Nicollet-Webster soil association. The predominant soils at the 
site were a Clarion (fine-loamy, mixed, mesic Typic Hapludolls) and a Nicollet (fine-
loamy, mixed, mesic Aquic Hapludolls). Twenty-five microplots (1.52 m x 1.52 m each) 
were arranged in a completely randomized design (Figure 1). Com {Zea mays L.) was 
rotated with soybean {Glycine max. L.). This experiment was done as part of a 
comprehensive field study that included 48 large plots (15.24 m long x 3.05 m wide) as 
reported by Smith and Killom (1999). 
Treatments were applied to com and soybean and their description is shown in 
Table 1. Treatments were replicated five times. Rates of N application were 0 kg N ha"' 
for control plots and 202 kg N ha"' for both, swine manure and urea (46-0-0). Treatments 
were all broadcast. To minimize lateral movement of fertilizer, 10 to 15 cm berms were 
made with soil prior to treatment application and removed a few days later. Two additional 
rows of crops were planted along the outside borders of the experiment. 
The swine manure was obtained firom the Iowa State University Swine Nutrition 
Farm located north of Ames. To achieve the desired N rate, the amount of manure applied 
was determined considering its N concentration and that approximately 52.5% of the N 
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Figure 1. Microplots experimental plot lay out. 
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Table 1. Treatments applied in microplots of com and soybean. 
Treatment Method of application N rate 
kg N ha"^ 
1 Control 0 
2 Manure in spring 202 
3 Manure in fall 202 
4 Manure side-dress 202 
5 Urea side-dress 202 
applied will be available for crops. Prior to field application, a manure sample was 
analyzed to determine nutrient concentrations. Diuring application, a manure sub-sample 
was obtained to determine the amount of N actually applied. For the non-manure 
treatment, prilled urea was applied. Because all treatments were broadcast, the application 
of swine manure or urea was done with extreme care to prevent the contamination of the 
surrounding plots. 
All farming activities, including planting, application of treatments, weed control, 
and harvesting, were done by hand. Each microplot contained two rows of crops separated 
75 cm from each other. Dates of planting and harvesting are shown in Table 2. Treatment 
applications in microplots were made simultaneously for both, corn and soybean and the 
dates are shown in Table 3. 
The nutrient concentration in the swine manure are the same as in a large plot 
experiment reported by Smith and Killom (1999). With the exception of a summary of the 
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Table 2. Planting and harvesting dates in microplots. 
Year Crop Hybrid Planting Harvesting 
1996 Com Pioneer 3395IR 5/20/96 10/31/96 
1997 Cora Pioneer 3395IR 5/6/97 10/2/97 
1998 Cora Dekalb 580RR 5/11/98 10/14/98 
1996 Soybean Kruger 2675 6/4/96 10/11/96 
1997 Soybean Kruger 2675 5/9/97 10/1/97 
1998 Soybean Pioneer 9294RR 5/11/98 9/30/98 
Table 3. Treatment application dates in microplots of com and soybean. 
Time of application 
Crop year FaU Spring Side-dress 
1996 I April, 18 June, 26 
1997 11/12/96 April, 15 June, 13 
1998 10/23/97 April, 14 June, 20 
' Fall treatmems were not applied 
total N concentrations applied, the rest of the data are not shown in this Chapter. Table 4 
contains the total N concentrations found in the swine manure. 
For the N analysis of the manure the colorimetric nesslerization procedures 
recommended by Hach (1987) and Hach (1988) were followed. 
Lysimeters (5.08 cm diameter x 120 cm deep) with a ceramic porous cup in the 
bottom were installed to collect subsoil water and to monitor NOs-N. Water samples were 
obtained from each lysimeter weekly or following a significant rainfall event of 25 nrni or 
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Table 4. Total nitrogen concentration in manure. 
Total Nitrogen 
Year Fall Spring Side-dress 
mg L'^ 
1996 ^ 4107 3204 
1997 4736 2387 2640 
199 8 261^ 1789 3312 
' Fall treatmems were not applied 
more. To install a lysimeter in a microplot, a hole (approximately 7 cm diameter x 120 cm 
deep) was drilled using a hydraulic probe. Then, a slurry made with diatomaceous earth 
materials and water was poured into the hole to provide a good contact between the soil 
and lysimeter. The soil that was removed with the hydraulic probe was placed back in the 
empty spaces left between the lysimeter and the walls of the hole, carefiilly packed to avoid 
creating macropores that cause preferential flow. 
Water samples were analyzed for NOs-N using the cadmium reduction method 
(APHA, 1995; Lachat Instruments, 1993). If samples were not analyzed immediately, they 
were stored at 4° C. 
Plant samples were obtained during harvest from microplots of com. Harvest was 
done by hand in both microplots of com and soybean. Com plant samples were chopped, 
dried at 60° C for at least 48 hours, finely ground to pass a 2 mm sieve and analyzed for 
total N and phosphorous (P) following the procedures recommended by Hach (1988). 
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Plant samples were analyzed for total potassium (K) using flame photometry method 
recommended by Per kin Elmer (1986). 
A sub-sample of grain was obtained during harvest from microplots of com and 
soybean to determine N, P and K. Grain samples were dried at 60° C for at least 48 
hours, finely ground using a home size flour mill and analyzed for total N and P following 
the procedures recommended by Hach (1988). Total K analyses were performed using the 
flame photometry method recommended by Perkin Elmer (1986). 
Analysis of variance (ANOVA) was performed as split plot with time as the sub 
unit (SAS Instimte, 1995). To minimize the effects of unbalanced data, control plots were 
not included in the ANOVA. The data were analyzed individually by crop and by year. 
RESULTS AND DISCUSSION 
Microplots of corn 
Nitrate-N concentrations are shown in Figure 2. Time is days since spring 
application (about the 2"^ to 3"* week of April). Nitrate-N concentrations varied among 
years. Subsoil water NOs-N means in microplots of com were the highest in 1998 (the 
year with above average precipitation and the highest of the three years) as concluded in a 
large plot experiment by Smith and Killom (1999). In 1996, manure side-dress was the 
only treatment that showed a peak in the water NO3-N concentration that occurred at the 
end of the growing season (about 190 days after spring application). In 1997, water NO3-N 
did not show significant peaks as reported in a large plot experiment by Smith and BCillom 
(1999). In 1998, treatments showed peaks in NOs-N concentrations about 90 days after 
spring application, but the results had more variability. 
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Figure 2. Average subsoil water NO3-N for microplots of com. 
a) 1996, north site, b) 1997, south site, c) 1998, north site. 
* Time since spring application. 
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Table 5 shows the results of probability of greater F (Pr > F) for subsoil water NO3-
N. Significant treatment effects were detected only in 1996. Treatment effects were non­
significant in 1997 and 1998. Overall subsoil water NO3-N means are shown in Table 6 
and differences among treatments applied were significant only in 1996. Urea applied side-
dress had the highest water NO3-N in 1996 and 1998 but in 1998 differences were non­
significant. 
In 1997, manure applied in the fall and control had the lowest NO3-N means and 
manure applied side-dress had the highest water NO3-N but differences were non­
significant or not detected in the ANOVA. In 1998, manure applied iu the spring resulted 
with the lowest means of water NO3-N, even lower than control plots. 
Nitrate-N concentrations varied among weeks (Pr>F = 0.01 or less) for each of 
the growing seasons (Table 5). Repetitions within treatments was significant in 1997 and 
1998 (Pr>F=0.0001) which implies that responses to treatments varied among repetitions. 
This could have possibly caused a large mean square error that introduced variability in the 
results and the lack of evidence of treatment effects in the last two years of the experiment. 
Microplots of soybean 
Figure 3 shows the subsoil water NO3-N concentrations monitored in the microplots 
of soybean. The lowest subsoil water NO3-N concentrations occurred in 1997 (the year 
with below average precipitation and the lowest of the three years) and the highest in 1996 
and 1998. No significant treatment effects on subsoil water NO3-N were fotmd for any 
year in the microplots of soybean (Table 7). 
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Table 5. Probabilities of greater F for water NO3-N, microplots of com. 
P r > F 
Source 1996 1997 1998 
Treatment 0.0342* 0.3653 0.5969 
Repetition (Treatment) 0.6526 0.0001* 0.0001* 
Week 0.0113* 0.0002* 0.0114* 
T reatment*Week 0.7990 0.6911 0.5571 
Significant at the 0.05 probability level. 
Table 6. Water NO3-N means for microplots of com. 
Water NO3-N 
Treatment 1996 1997 1998 
mg L'^ 
Control 5.25b 7.68 17.89 
Manure in spring 8.50ab 12.55 10.58 
Manure in fall ^ 6.90 16.43 
Manure side-dress 7.07b 14.42 17.33 
Urea side-dress 11.67a 12.57 24.16 
*Alpha=0.05. Means with the same letter are not significantly different. 
' Fall treatments were not applied 
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Figure 3. Average subsoil water NO3-N for microplots of soybean. 
a) 1996, south site, b) 1997, north site, c) 1998, south site. 
* Time since spring application. 
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Table 7. Probabilities of greater F for water NO3-N, microplots of soybean. 
P r > F 
Source 1996 1997 1998 
Treatment 0.4023 0.6098 0.5357 
Repetition (Treatment) 0.0031* 0.0001* 0.0001* 
Week 0.0048* 0.5328 0.0001* 
T reatment* Week 0.5689 0.8752 0.9984 
*= Significant at the 0.05 probability level. 
Table 8. Water NO3-N means for microplots of soybean. 
Water NO3-N 
Treatment 1996 1997 1998 
mgL 
Control 9.40 5.15 8.99 
Manure in spring 11.85 4.92 16.45 
Manure in fall 1 9.38 9.73 
Manure side-dress 13.96 5.21 14.59 
Urea side-dress 18.89 8.53 16.23 
*Alpha=0.05. Means with the same letter are not significantly different. 
' Fall treatments were not applied. 
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Nitrate-N concentrations in the microplots of soybean significantly varied among 
weeks in 1996 and 1998 but were non-significant in 1997. Repetition within treatment was 
significant (Pr> F=0.005 or less) in all three years. The mean square error was large in 
all three years, which possibly could have introduced variability in the results. 
Table 8 shows the overall means of subsoil water NOs-N in the microplots of 
soybean and while there was a trend for some differences among the treatment means, 
these differences were non-significant. Control treatments had the lowest subsoil water 
NOs-N concentrations in 1996 and 1998. 
In 1996, urea side-dress application had the highest subsoil water NOs-N 
concentrations and control the lowest. In 1997, fall application of manure had the highest 
subsoil water NOs-N concentrations and manure applied in the spring the lowest. In 1998, 
manure applied in the spring and urea side-dress had the highest subsoil water NO3-N 
concentrations and control the lowest. 
In 1997, subsoil water NO3-N did not show a peak (Figure 3b) because the week 
effect was non-significant as observed in the large plot experiment reported by Smith and 
Killom (1999). 
Correlation of subsoil water NO3-N between microplots and large plots of com 
A correlation of the subsoil water NO3-N concentrations was made between the 
large plots of com that received 252 kg N ha"' (Smith and Killom, 1999) and the 
microplots of com that received 202 kg N ha"'. The results are shown in Figures 4 through 
7 for swine manure applied in the spring, fall and side-dress; and fertilizer side-dress, 
respectively. 
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Figure 4. Comparison of subsoil water NO3-N between large plots and microplots of com 
that received swine manure in the spring, a) 1996. b) 1997. c) 1998. 
* Time since spring application. 
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Figure 5. Comparison of subsoil water NOs-N between large plots and microplots of com 
that received swine manure in the fall, a) 1997. b) 1998. 
* Time since spring application. 
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Figure 6. Comparison of subsoil water NO3-N between large plots and microplots of com 
that received swine manure side-dress, a) 1996. b) 1997. c) 1998. 
* Time since spring application. 
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Figure 7. Comparison of water NOs-N between large plots and microplots of com that 
received fertilizer side-dress, a) 1996. b) 1997. c) 1998. 
* Time since spring application. 
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Water NO3-N in microplots and large plots varied for the different treatments and 
crop year. Similar subsoil water NO3-N trends between the large plots and microplots of 
com were observed in three treatments: manure in spring and side-dress both in 1996, and 
manure in fall from 1997 (see Figures 4a, 5a, 6a). Higher subsoil water NO3-N in large 
plots than in microplots were observed in two treatments: manure in spring and fall both in 
1998 (see Figures 4c, 5b). 
Higher subsoil water NO3-N concentrations in microplots than in large plots of com 
were observed in six treatments: manure in spring 1997; manure side-dress in 1997 and 
1998; and fertilizer side-dress in all three years (see Figures 4b, 6b,c, 7a,b,c). 
With the exception of manure applied in the spring of 1997, subsoil water NO3-N in 
microplots of com decreased toward the end of the growing season as observed in the large 
plot experiment (Smith and Killorn, 1999). 
Peaks in subsoU water NO3-N concentrations occurred at different times. For 
manure in spring treatments the peak was observed between 60 and 90 days after the spring 
application in both microplots of com and large plots. For manure in fall treatments, no 
peak occurred in 1997 but in 1998 a peak in subsoil water NO3-N occurred at about 50 
days after spring application time. 
For manure applied side-dress, subsoil water NO3-N peaks occurred between 60 and 
80 days after spring application time, except with the microplots of com that in 1996 
showed an increasing subsoil water NO3-N concentration toward the end of the growing 
season. 
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For commercial fertilizers applied side-dress to the large plots of com and 
microplots of com, UAN and urea, respectively, the peaks in subsoil water NO3-N 
concentrations were observed between 60 and 90 days from the spring application time, for 
all three years. 
CONCLUSIONS 
More than 1000 water samples were collected from 25 microplots (1.52 m x 1.52 
m) during the growing seasons between 1996 and 1998. Com was rotated with soybean 
and treatments were applied to both crops. This experiment was conducted as part of a 
field experiment that contained 48 large plots (15.24 m long x 3.05 m wide) of com rotated 
with soybean. 
Subsoil water NO3-N patterns in microplots varied by treatment, crop and year. 
Microplots of soybean did not show significant treatment effects on subsoil water NO3-N at 
the 0.05 probability level, in all three years. Nitrate-N treatment means were not 
significantly different from each other. Although the lack of treatment effects, control (0 
kg N ha"') means were the lowest in 1996 and 1998 when compared to treated microplots, 
with mean differences relatively large. In 1997, subsoil water NO3-N concentrations were 
the lowest of the three years and mean differences were smaller. 
Subsoil water NO3-N in microplots of com showed significant treatment effects in 
1996 and no significant treatment effects were found in 1997 and 1998 at the 0.05 
probability level. But 1996 did not have fall application. Control (0 kg N ha"') resulted in 
significantly lower subsoil water NO3-N mean and urea side-dress in significantly higher 
subsoil water NO3-N mean in the same year. In July 1998, a storm damaged a 
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considerable number of the com plants in the microplots. In 1997 and 1998, NOs-N 
treatment means were not significantly different from each other. Subsoil water NOs-N 
means were the highest in 1998 from the three years. Urea applied side-dress resulted in 
higher subsoil water NOs-N in 1996 and 1998. Manure side-dress in 1997 resulted in 
higher subsoil water NO3-N followed by urea side-dress. 
Control plots had the second lowest subsoil water NO3-N mean in the microplots of 
com and soybean in the second year (1997). In the third year (1998) the microplots of 
com resulted in the second highest subsoil water NO3-N mean. This could be explained by 
soil mineralization, the effect of the legume (soybean) rotation and possibly to the damage 
that the storm caused in the microplots of com. 
In the microplots experiment it was not observed the relatively larger differences in 
subsoil water NO3-N means between the swine manure and the commercial fertilizer 
treatments as observed in the large plots experiment reported by Smith and Killom (1999). 
And indeed, m-ea applied side-dress in the microplots of soybean resulted in higher subsoil 
NO3-N concentration if not the highest. This implied that t3q)e of fertilizer played an 
important role in monitoring subsoil water NO3-N in this experiment. 
The microplots used in this experiment were able to monitor subsoil water NO3-N. 
The differences between large plot experiment (Smith and Killom, 1999) and microplots 
were probably due to field variability, agricultural practices (mechanical vs. hand), 
methods of application (incorporated vs. broadcast), type of commercial fertilizer (UAN 
vs. urea), and they must be considered to draw conclusions from these experiments. 
113 
No significant treatment effects on subsoil water NO3-N were found in microplots 
of soybean for all three years. Treatments significandy affected NO3-N concentrations in 
microplots of com only in 1996 but treatments were incomplete. No significant treatment 
effects on NO3-N were found in the large plots of com the first two years of the experiment 
but the third year methods of application had a significant effect. It is very difficult to 
evaluate the effectiveness of the microplots in monitoring NO3-N in the subsoil water. 
However, it is important to note that higher concentrations of NO3-N in microplots 
were recorded in 1998 as foimd in the large plots (Smith and Killom, 1999). Furthermore, 
in 1997 both large plots and microplots of corn and soybean did not show a peak in subsoil 
water NO3-N concentrations (see Figures 2b, 3b) as reported in the large plot experiment 
by Smith and Killom (1999). As observed in the same large plot experiment, subsoil water 
NO3-N in most of the treatments applied to microplots of com and soybean, decreased at 
the end of the growing season. 
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CHAPTER VI 
EFFECT OF TEMPERATURE AND SWINE MANURE ON NITRATE-NITROGEN 
TRANSPORT IN UNDISTURBED SOIL COLUMNS 
A paper to be submitted to the Journal of Environmental Quality 
Sara Smith and Randy Killom* 
ABSTRACT 
Nitrate-Nitrogen (NO3-N) transport as a result of manure application has been the 
topic of numerous research smdies. This smdy investigated the effects of temperature in 
controlled environments and swine manure on nitrification, soil water NO3-N, ammonium-
N (NH4-N), dissolved organic carbon (DOC), pH and alkalinity concentrations. Eighteen 
undisturbed soil columns (20.32 cm diameter x 30.48 cm high) were obtained from the 
Clarion-NicoUet-Webster soil association. Treatments were a factorial combination of N 
rate and temperamre, replicated three times. Swine manure was applied at nitrogen (N) 
rates of 0 and 168 kg N ha"'. Growth chambers were set up at 5, 20 and 35° C and six of 
the columns were placed in each chamber. The results suggest that both, temperature and 
manure had a profound effect on NO3-N concentrations and pH of the leachate collected. 
Ammonium-N, DOC and alkalinity were significantly affected by manure but not by 
temperamre. At 20° C manure treatments had the highest NOs-N concentration and 5° C 
the lowest. Controls had lower NOa-N concentration than manure treatments. Manure 
application at 20° C resulted in a higher increase in NO3-N concentrations than at 5° C. 
Under the conditions of this experiment the optimum temperature for nitrification was 
•Corresponding author. Randy Killom. Professor. Iowa State University. Ames, Iowa. rIdllom@iastate.edu 
Sara Smith. Graduate Research Assistant. Iowa State University. Ames, Iowa, saraf094@iastate.edu 
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20° C. The apparent nitrification rate was reduced at 35° C and at 5° C nitrification 
significantly slowed but did not stop even in controls. Time of incubation (15 weeks total) 
had a profound effect on the parameters measured. Leachate pH and alkalinity decreased 
with increasing temperature. Careful NO3-N monitoring is needed when manure is applied 
because of the evident temperature effects. 
INTRODUCTION 
Solute transport of nitrate-nitrogen (NO3-N) has been the topic of numerous 
research smdies. Relatively little research has been done to smdy the combined effect of 
temperarnre and swine manure on the movement of NO3-N in soil water. 
The increasing concentrated, swine production in the state of Iowa has created a 
new water quality concern. Land application offers an alternative to waste disposal and the 
utilization of the manure nutrients for crop production. Understanding the environmental 
factors and their contribution to NOs-N transport from swine manure is of critical 
importance. Clarification of these concepts will contribute to better nitrogen (N) 
management practices to reduce the environmental impacts on water quality. 
LITERATURE REVIEW 
Nitrification kinetics 
Nitrification is the biological oxidation of ammonium (NH4) to nitrate (NO3). 
Autotroph nitrifying bacteria (genera Nitrosomonas and Nitrobacter) are capable of 
performing this reaction. This is a two-step process with nitrite (NO2") as the intermediate 
product (EPA, 1993): 
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NH4^ + Vi O2 ^ 2H^ + H2O + N02-
Nitrosomonas 
NO2- +  V2O2 ^  NO3-
Nitrobaaer 
The Monod kinetic model is normally used to describe the nitrification process, 
assuming steady state and that NO2' concentrations are low (EPA, 1993 and Tanji, 1982): 
/LiN N 
qN = = QN [1] 
Yn KN + N 
where: 
qN : Ammonium-N oxidation rate 
/iN : Specific growth rate of Nitrosomonas 
Yn : Nitrosomonas yield growth coefficient 
Qn : Maximum ammonium-N oxidation rate 
N : Ammoniimi-N concentration 
Kn : Nitrosomonas half saturation coefficient 
First order reaction 
The transformation of NH4^ to NO3' was suggested to be an irreversible first-order 
kinetic reaction by Mehran and Tanji (1974) and Tanji (1982): 
dN 
=  - k N  [ 2 ]  
dt 
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dNc 
=  -ZkiNc +  ZkjNm [3]  
dt 
The authors defined the variables of the equations as follows: 
Nc : Concentration of N species of interest 
Nm : Concentration of other N species 
ki, kj : First-order rate constants 
Stanford et al. (1975) also described an apparent first-order reaction coefficient for 
denitrification. 
Reddy et al. (1979) proposed a model that calculated approximately the amount of 
potentially mineralizable N in soils as a result of animal manure application. Assiuning 
first-order kinetics, it was suggested that half of the mineralizable N of poultry and swine 
manure was transformed to inorganic N after 3 to 6 weeks: 
N03(t) = (NX NS ) [ 1 - exp (-kt) ] [4] 
where: 
NX : Available mineralizable N in animal manure 
NS : Soil organic N 
k : First-order rate constant 
t : Time in days 
Using the Langmuir equation, Harter and Smith (1981) proposed that the forward 
and reverse soil reactions regularly happen at the same time: 
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Kn 
A ^ ^ B 
BCd 
where: 
BCn ; Forward reaction rate constant 
Kd : Reverse reaction rate constant 
The reaction rate can be written as: 
d(NH4) d(N03)t 
- = = Kn [(NH4)o-(N03)t] - Kd(N03)t 
dt dt 
where: 
(N03)t : Nitrate concentration at time t 
(NH4)o : Initial concentration of ammonium 
t : Time, weeks 
at equilibrium: 
Kn[(NH4)o - (N03)e] - Kd(N03)e = 0 
where: 
(N03)e : Nitrate concentration at equilibrium 
Replacing equation [6] into equation [5] and after manipulating the variables the 
following expression is obtained: 
d (N03)t (NH4)o 
= Kn dt 
[(N03)e- (N03)t] (N03)e 
Integrating and rearranging terms: 
120 
Kn = 
(N03)e (N03)e 
ln [  
(NH4)O (N03)e -  (N03) t  
[8] 
Rearranging equation [8] the following expression is obtained: 
(N03)i 
- h i [  1  - ]  =  a K n t  [9] 
(N03)e 
where: 
a : Constant value for each temperature equal to [(NH4)o / (N03)e] 
When plotted against time, the In {1 - [(N03)t /(N03)e]} will yield a straight line if 
the reaction is first order and the slope of that line divided by 2.3 and a will be the reaction 
rate constant, Kn with units weeks"': 
Slope of the line 
Environmental factors affecting nitrification kinetics are ammonium-N (NH4-N) 
concentration, temperature, available oxygen, pH and alkalinity, carbon (C) to N ratio and 
the presence of inhibitors (EPA, 1993). 
Effects of temperature 
As in most biological-chemical processes, temperature has a profound effect on 
nitrification. A considerable decrease in nitrification rate occurs at less than 5° C and over 
Kn = [10] 
2.3  *a  
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40° C. The optimum range of temperature for nitrification is 25° C to 35° C (Tisdale et 
al., 1993). 
According to the Arrhenius equation, an increment of 10° C of temperature will 
double the microorganisms growth rate and the reaction rate (k) will be controlled by 
temperarnre (Sparks, 1989): 
K = A exp (-E/RT) [11] 
where: 
K : Rate constant 
A : Frequency factor 
E : Activation energy 
R : Universal gas constant 
T : Absolute temperature 
It is suggested that if E is low, the kinetics of the reaction is more likely to occur by 
diffusion and if E is high, a chemical reaction is more likely to occur (Sparks, 1989). 
Sims (1986) conducted a lab scale study measuring the effects of temperature on 
soil NH4-N, NOs-N and pH after 30, 90 and 150 days of poultry manure application. The 
author reported that 0° C reduced the nitrification rate for about 90 days and after that slow 
nitrification was observed. At 25° C most of the NH4-N conversion to NO3-N occurred by 
day 30 and increasing the temperature to 40° C resulted in reduced nitrification. 
122 
Sabey (1954) studied the effects of temperature on nitrification of three Iowa soils 
under lab conditions. He reported that the maximum nitrification rate was achieved at 25° 
C and that nitrification rates at 20 and 8° C were about 50 and 6%, respectively, of the 
maximimi nitrification rate. The author found a lag period, where no nitrification occurred 
that varied from 0.33 and 2 weeks and that increasing temperatures decreased the length of 
the lag phase. He concluded that decreasing soil temperatures may result in a reduced 
nitrification rate and that inhibition occurred at about fireezing temperatures. 
In another smdy, Sabey (1958) investigated the effects of temperature (and other 
factors) on soil nitrification using a wide variety of Iowa soils. The author reported lag 
phases from hours to 2 weeks. Increasing the incubation temperature from 0 to 25° C 
resulted in an increased nitrification rate but a decreasing lag phase. The data collected at 
35° C were either lower than at 25° C or not steady. 
However, both of these smdies may have limited application because they 
considered a linear relationship between NOs-N produced and time. 
Effect of oxygen concentratioii 
Because nitrification is an oxidation process and nitrifying bacteria are strict 
aerobes, adequate levels of oxygen (O2) or dissolved oxygen (DO) must be present for an 
efficient NH4-N conversion to NO3-N. 
It is estimated that at about 20 % of O2 in an aeration stream, nitrification will 
achieve maximum rates. This level of O2 is similar to the air concentrations. Therefore, 
adequate levels of soil porosity and absence of compaction contribute positively to 
nitrification (Tisdale et al., 1993). 
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Effiect of pH and alkalinity 
The adequate range of soil pH for nitrification is between 4.5 and 10 with 8.5 as the 
optimum pH. The presence of calcium (Ca""^) in particular appears to have a positive 
influence ("micronutrient") on nitrification (Tisdale et. al, 1993). A significant decrease in 
the nitrification rate occurs when pH drops under 4.5 or is increased above 10 (EPA, 
1993). 
The release of hydrogen ions (H^) from the nitrification process destroys the 
alkalinity present in the system. In theory it is estimated that 7.1 mg of alkalinity as 
CaCOs are destroyed per every mg of NH4-N that is being oxidized to NOs-N (EPA, 
1993). 
The objectives of this study are to investigate the combined effects of swine manure 
application and temperature on nitrification and movement of NO3-N in the soil water. 
However, other environmental factors will be considered such as soil water pH, alkalinity, 
DOC and NH4-N evolution. 
MATERIALS AND METHODS 
Eighteen undisturbed soil columns (20.32 cm diameter x 30.48 cm high) were 
obtained using a "high boy soil probe". The site was located in the Clarion-Nicollet-
Webster soil association. The predominant soils were a Clarion (fine-loamy, mixed, mesic 
Typic Hapludolls) and a Nicollet (fine-loamy, mixed, mesic Aquic Hapludolls). 
Soil columns were encased in steel pipe, polished inside and outside. After 
sampling, the undismrbed columns were protected in the top and bottom with styrofoam 
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plates (20.32 cm diameter x 2.54 cm high), covered with saran wrap, and stored at 3° C 
until the set up of the experiment was completed. 
A galvanized screen with 1.25 cm openings was installed in the bottom of the 
columns which contained two layers of cheese cloth. A plastic fimnel (20.32 cm diameter) 
was place in the bottom of this screen with the outlet discharging in a 400 ml beaker. This 
was done for each column (Figure 1). 
Three growth chambers were set up at 5, 20 and 35° C. Six columns were placed 
in each chamber. Three of the columns did not receive swine manure (controls) and the 
other three columns received swine manure applied at a rate to provide 168 kg N ha"'. 
Treatments were replicated three times. Table 1 contains a description of the treatments. 
The swine manure was obtained from the Iowa State University Swine Nutrition 
Farm, north of Ames. To achieve the desired N rate, the amount of manure applied was 
determined considering its N concentration and assimiing that the available N is about 
52.5 %. Manure was mixed using a blender and digested following the procedures 
recommended by Hach (1987). The digested swine manure was analyzed with the 
analytical methods listed in Table 2. Total N and phosphorous (P) were analyzed 
according to Hach (1988) and total potassium (K) according to Perkin Elmer (1986). 
Swine manure was poured in the top of the colimms treated with manure. The control 
columns received deionized water. 
Table 3 contains the nutrient concentrations in the swine manure applied. The 
equivalent volume to the amoimt of precipitation received per week at the site where the 
columns were obtained was 780 ml. Considering the level of nutrients available, 300 ml of 
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5.08 cm 
30.48 cm 
20.32 cm 
Soil column 
Galvanized screen with 
cheese cloth 
Plastic funnel 
400 ml beaker 
Figure 1. Soil columns experimental set up. 
126 
Table 1. Description of treatments applied in soil columns. 
Growth Temperature N rate Number of 
chamber No. °C kg N ha'^ columns 
1 5 0 3 
1 5 168 3 
2 20 0 3 
2 20 168 3 
3 35 0 3 
3 35 168 3 
Table 2. Analytical methods used for manure characterization. 
Test Method Reference 
Nitrogen Colorimetric nesslerization Hach, 1988 
NH3-N Selective electrode APHA, 1995 
Phosphorous Colorimetric ascorbic acid Hach, 1988 
Potassium Flame photometry APHA, 1995 
Solids Total solids dried at 105 °C APHA, 1995 
COD* Closed reflux, titrimetric APHA, 1995 
*COD: Chemical Oxygen Demand 
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Table 3. Nutrient concentrations in swine manure applied. 
Test Concentration 
mgL'^ 
Total nitrogen 3740 
NH3-N 1986 
Total phosphorous 399 
Total potassium 1810 
Total solids 13171 
COD* 24431 
*COD: Chemical Oxygen Demand. 
manure were applied to the soil columns that receive manure treatments to achieve the 
desired rate of 168 kg N ha"' the first day of the experiment and deionized water was added 
to complete the total volume of weekly precipitation. The control columns received 780 ml 
of deionized the first week. From week 2 and beyond, all soil columns received an 
application of 780 ml of deionized water weekly. 
The leachate collected, was analyzed for NOa-N, NH4-N, dissolved organic carbon 
(DOC), pH and alkalinity with the analytical methods shown in Table 4. Nitrate-N and 
NH4-N were analyzed according to Lachate Instruments (1993). Shimadzu Corporation 
(1991) procedures were followed for DOC analysis. 
In each controlled environment the soil columns were arranged in a completely 
randomized design. Treatment structure was a factorial combination of N rate and 
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Table 4. Analytical methods used for leachate. 
Test Method Reference 
Nitrate-N Cadmium Reduction APHA, 1995 
Ammonium-N Automated Phenate APHA, 1995 
DOC* Combustion-Infrared APHA, 1995 
pH Electrometric APHA, 1995 
Alkalinity Titration APHA, 1995 
* DOC: Dissolved Organic Carbon. 
temperature. The experimental units had repeated measurements. The analysis of variance 
(ANOVA) was performed as split plot with time as the sub unit (SAS Institute, 1995). 
RESULTS AND DISCUSSION 
Table 5 shows the probabilities of greater F from the analysis of variance for the 
parameters NO3-N, NH4-N, DOC, pH and alkalinity, measured in the leachate collected 
from the soil columns. Table 6 shows the overall means of these parameters as affected by 
temperarnre. Table 7 contains the overall means of the same parameters measured in the 
leachate collected by N rate. The results presented in Tables 5, 6 and 7 were analyzed for 
each of the individual parameters monitored in the leachate in the following sections. 
Nitrate-N leaching 
Figure 2, shows the results of the NO3-N leaching for the three temperatures. One 
of the control columns at the 35° C temperature was eliminated due to flow problems. 
Litde or no leachate was collected from this column when the water was applied weekly. 
Because of this, the control treatments at 35° C had only two replications. The 5° C 
treatment had the most variability in the NO3-N concentrations, particularly during the first 
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Table 5. Probabilities of greater F of parameters measured in the leachate. 
Pr > F 
Source NO3-N NH4-N DOC pH Alkalinity 
Temperature 0.0293* 0.6727 0.8942 0.0032* 0.1733 
N rate 0.0067* 0.0462* 0.0007* 0.0236* 0.0027* 
Temperamre*N rate 0.0787 0.6884 0.7790 0.0074* 0.5683 
Week 0.0008* 0.0001* 0.0001* 0.0001* 0.0001* 
* = Significant at the 0.05 probability level. 
Table 6. Overall means of parameters measured in leachate by temperature. 
Temperature NO3-N NH4-N DOC Alkalinity pH 
° C mg L"^ 
5 12.50b 11.738 51.32 159.55 7.20a 
20 53.69a 7.219 44.33 84.18 6.92a 
35 33.65ab 5.314 60.25 67.06 6.57b 
*Alpha=0.05. Means with the same letter are not significaraty different. 
Table 7. Overall means of parameters measured in leachate by N rate. 
Nrate NO3-N NH4-N DOC Alkalinity pH 
kg N ha'^ mg L'^ 
0 13.68b 0.257b 11.13b 39.06b 7.11a 
168 50.36a 15.311a 87.10a 165.75a 6.75b 
*Alpha=0.05. Means with the same letter are not significaraty different. 
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Figure 2. Nitrate-N concentration in soil columns leachate. 
a) 5 °  C .  b) 20° C. c) 35° C. 
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five weeks of the experiment but after that, the manure treatment had higher NO3-N 
concentrations in the ieachate than control. 
The 20° C treatment with manure resulted in a peak in NO3-N concentrations at 
about the 6th week of the experiment, and then a decrease was observed which suggests 
that most of the nitrification process was completed. At 35° C NO3-N concentrations 
increased until week 5, then decreased until week 10. After that, NO3-N concentrations 
increased for the remainder of the experiment. 
Figure 3 shows the NO3-N concentrations for manure treatments and controls. The 
results suggest no major differences in the NO3-N concentrations in the Ieachate were 
observed during the first two weeks of the experiment regardless of the N rate received and 
temperature, time that could be considered as a lag phase for the biological reactions taken 
place. After the third week of incubation and for all three temperatures, NO3-N 
concentrations were higher for the soil columns that received manure than for controls. 
Figure 4 shows the average NO3-N concentrations m the Ieachate for each 
temperamre treatment. The 20° C treatment had the highest NO3-N concentrations, and 
the 5° C treatment the lowest. Increasing the temperature to 35° C resulted in decreased 
NO3-N concentrations. No major differences were observed for the first two weeks of the 
experiment regardless of the temperature. This can also be considered further evidence of 
a lag phase. Between weeks 3 and 11, NO3-N concentrations at 20° C were the highest of 
the three temperamre treatments. After week 11, the NO3-N concentrations in the 35° C 
treatment became the highest. The 5° C treatment had the lowest NO3-N concentrations 
after week 4. 
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Figure 3. Average NO3-N concentrations in leachate by N rate. 
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Figure 4. Average NO3-N concentrations in leachate by temperature. 
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The highest NO3-N concentration in the leachate was observed in the 20° C 
treatment at week 6 (Figure 4). At the same week, the NO3-N concentrations in the 
leachate at 35 and 5° C were about 28 and 8%, respectively of the NO3-N concentration at 
20° C. 
It can be concluded that treatments (both, temperature and manure) had a profound 
effect on NO3-N leaching (Table 5). The fact that NO3-N concentration in the leachate did 
not respond in the same way when swine manure was applied at each temperature could 
explain the significant Temperature*N rate interaction (Pr>F = 0.07) observed in Table 
5. The week factor was also observed as highly significant which implies that NO3-N 
concentrations were significantly affected by time of incubation. 
Table 6 shows the results of the overall NO3-N means as affected by temperature. 
Increasing the temperature up to 20° C resulted in an increased NO3-N concentration but an 
additional increase of the temperature to 35° C resulted in a decreased NO3-N 
concentration. Significantly higher NO3-N means in the leachate were found at 20° C and 
significantly lower NO3-N means were found at 5° C. Swine manure application resulted 
in an increased NO3-N concentration (Table 7). 
Table 8 shows the NO3-N concentration responses to manure applied at by 
temperamre. 
Nitrate-N concentration responses to manure treatment varied among temperatures. 
When manure treatments were incubated at 20° C, a much higher increase in NO3-N 
concentrations was measured (72.5 mg L'^) in the leachate than when the same amount of 
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Table 8. Nitrate-N in leachate means by treatments. 
Temperature 
Nra te  5"C 20"C 35°  C  
kg N ha"^ NO3-N, mg L'^ 
0 8.6 17.0 16.4 
168 16.4 89.5 45.1 
Difference: 7.8 72.5 28.7 
manure was incubated at 5° C (7.8 mg L"'). The incubation of the same amount of manure 
at 35° C resulted in an intermediate overall mean increase (28.7 mg L''). 
Ammonium-N leaching 
Figure 5 shows the results of the NH4-N concentrations measured in the leachate. 
Significant effects of N rate were found on NH4-N concentrations but temperamre did not 
have a significant effect on NH4-N (Table 5). 
The interaction of Temperature*N rate was non-significant which implies similar 
responses of NH4-N concentrations among temperatures. 
Time of incubation affected NH4-N concentrations because week effect was highly 
significant (Table 5). Significandy higher NH4-N concentrations were measured in the 
leachate during the first week of the experiment. A significant decrease in the NH4-N 
concentrations occurred after the second week of the experiment. However, overall NH4-N 
means were not significantly different among temperatures (Table 6). 
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Figure 5. Average NH4-N concentrations in soil columns leachate. 
a) 5° C. b) 20° C. c) 35° C. 
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As it would be expected, manure significantly increased the NH4-N concentrations 
measured in the leachate during the first week (Table 7). Ammonium-N means were 
significantly lower for control than for manure treatments. 
Dissolved organic carbon (DOC) 
Figure 6 shows the data of the DOC in the leachate. Manure had a significant 
effect on the DOC concentrations. No significant effects on DOC were observed due to 
temperature. 
The interaction of Temperature*N rate was non-significant because DOC 
concentrations showed similar responses to temperature. 
Time of incubation had a profound effect on DOC because week effect was highly 
significant. During the first week of the experiment, DOC concentrations were 
significantly higher but after week 2, DOC concentrations were significantly lower. 
Overall DOC means as affected by temperamre were not significantly different from each 
other (Table 6). 
Overall means of DOC were highest when manure was applied (Table 7). The 
effect of the manure application on DOC was evident during the first week of the 
experiment. The DOC concentrations were highest for manure treatments during the first 
week of the experiment but after week 2 and beyond a drastic decrease in the DOC 
concentrations occurred. 
This may imply that organic molecules in the soil water are present only for about 1 
week after manure application. 
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Figiire 6. Average DOC in soQ columns leachate. 
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pH and alkalinity 
The pH of the leachate varied among temperatures (Figure 7). At 20° C the 
manure treatments decreased the pH of the leachate because of the release of during 
nitrification. At 35° C no differences in the pH of the leachate were observed between 
manure and controls particularly firom week 2 and beyond. At 5° C no difference in 
leachate pH was observed between manure and control treatments during the first 8 weeks 
of the experiment, but from week 9 and beyond manure treatments decreased the pH of the 
leachate. However, at 5° C the pH of the leachate was higher than that of the 35° C, 
which suggests that the nitrification process at 5° C was slower than at 20 or 35° C. 
Manure application and temperamre treatments had a profound effect on leachate 
pH (Table 5). The interaction of Temperature*N rate was highly significant which 
suggests that leachate pH responses to manure application varied among temperamres. 
Time of incubation had a significant effect on leachate pH because week effect was 
highly significant. The release of from nitrification when manure was applied 
decreased the pH measured in the leachate when compared to controls after the second 
week at 20° C and after week 9 at 5° C. 
Table 6 suggests that increasing the temperature decreased the leachate pH. At 35° 
C leachate pH was significantly lower and at 5° C significantly higher. The effects of 
manure application on pH of the leachate were evident (Table 7). Application of swine 
manure resulted in significantly lower leachate pH than controls because of the increased 
rate of conversion of NH4-N to NOs-N. 
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Figure 7. Average pH of the leachate from soil columns, 
a) 5° C. b) 20° C. c) 35° C. 
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Figure 8 shows the alkalinity data measured in the leachate collected. Alkalinity 
concentrations varied among temperatures. The application of manure was also evident 
from week 1 to week 2 of the experiment were most of alkalinity appeared to be destroyed 
by the biological oxidation of the NH4-N. 
Manure application had a significant effect on the alkalinity concentration but 
temperature effects were non-significant (Table 5). The interaction of Temperature*N rate 
was non-significant which suggests that alkalinity responses to temperature did not have 
significant differences. Time of incubation significantly affected alkalinity concentrations. 
Significantly higher alkalinities were measured in the first week of the experiment when 
manure was applied but after week 2 significantly lower concentrations were measured 
(data not shown). 
Overall means of alkalinity decreased with increasing temperature but were not 
significantly different from each other (Table 6). Swine manure application resulted in 
significantly higher alkalinity as shown in Table 7 but most of the alkalinity was measured 
during week 1. 
Alkalinity and pH of the leachate collected are two parameters that are related but 
differ from each other. It is evident that the application of swine manure increased the 
concentration of alkalinity in the leachate during the first week of the experiments but the 
oxidation of NH4-N to NO3-N that occurred after week 2 destroyed most of the alkalinity. 
The destruction of alkalinity was reflected in a reduction of the leachate pH or vice 
versa. Both factors were affected by the nitrification process and the application of swine 
manure. 
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Figure 8. Average alkalinity concentrations in the leachate from soil columns, 
a) 5° C. b) 20° C. c) 35° C. 
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It is estimated that for every mg of NH4-N that is being oxidized, 7.1 mg of 
alkalinity as CaCOs will be destroyed (EPA, 1993). Table 9 shows the values of the 
alkalinity destroyed between week 1 and 2, where most of the alkalinity and NH4-N were 
measured for the manure treatments only. The results suggest that when manure was 
applied, the amount of alkalinity destroyed and NH4-N oxidized and their ratio varied 
among temperamres. Between weeks 1 and 2 on the average, alkalinity destroyed and 
NH4-N oxidized decreased with increasing temperature. For the three temperamre 
treatments, the ratio of alkalinity destruction to NH4-N oxidized increased with increasing 
temperature and was above the theoretical value of 7.1. 
Table 9. Average NH4-N oxidation effects on the destruction of 
alkalinity between weeks 1 and 2. 
Alkalinity NH4-N 
Temperature destroyed oxidized Ratio 
° C mg L"^ 
5 2352 295 7.96 
20 1510 176 8.60 
35 1113 108 10.27 
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Nitrification reaction rate constant 
Figure 9 shows the relationship between the apparent nitrification rate constants vs. 
time using equations [9] and [10] as affected by temperature and manure application. Note 
that at 5° C the apparent equilibrium was achieved at week 3 and the plot will have only 
two points. 
Table 10 shows the values obtained for each of the constants by temperature. 
Increasing the temperature from 5° C to 20° C, increased the apparent nitrification rate 
constant (Kn) an order of magnitude but an additional increase in the temperature to 35° C 
resulted in a decreased Kn. 
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Figure 9. Apparent first order reaction nitrification rate constant vs. time. 
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Table 10. Apparent nitrification rate constant by temperature. 
Temp. Slope (NH4)O (N03)e a Kn 
"C m g L ^  weeks'^ 
5 0.3522 1986 33.79 58.77 0.0026 
20 0.8161 1986 141.49 14.04 0.0253 
35 0.4748 1986 44.14 44.99 0.0046 
It is important to note that the results presented in Figure 9 and Table 10 included a 
simultaneous mineralization of the organic N in the manure and soil and nitrification. 
CONCLUSIONS 
The results suggest that temperature and swine manure had a profound effect on 
NO3-N leaching concentrations. Soil columns that received manure had significantly higher 
NO3-N concentrations in the leachate than controls. Increasing the temperamre firom 5° C 
to 20° C resulted in a significant increase in NO3-N concentrations. An additional 
temperature increase to 35° C resulted in reduced NOs-N concentrations. Nitrate-N 
concentrations were significantly higher at 20° C and were significantly lower at 5° C. A 
lag phase of about two weeks was observed before treatment effects became evident. This 
is consistent with Sabey (1954) who reported a nitrification lag phase between 0.33 and 2 
weeks. 
At 5° C, a peak in NO3-N leachate concentrations in both control and manure 
treatments was observed at about the 3"* week of the experiments after that NO3-N 
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concentrations decreased. The manure treatments at this temperature showed a more 
variable pattern, with a second peak observed at about week 10. 
At 20° C, control treatments were observed to have constant NO3-N concentrations 
in the leachate. Manure treatments had a peak in NO3-N concentrations at about week 6 
and after that a decrease m the NO3-N concentrations was observed. 
At 35° C, control treatments showed a slight tendency to increase constant NO3-N 
concentrations in the leachate with time, but concentrations were always below the manure 
treatments. A peak occurred with the manure treatment at about week 4 of the experiment 
and after that a decrease in the NO3-N concentrations was observed until week 8. Beyond 
that time, the NO3-N concentrations increased with time. 
Nitrate-N concentrations in the leachate responses to manure application varied 
among temperatures. A higher NO3-N increase was observed at 20° C and a much lower 
increase was observed at 5° C. 
The highest NO3-N concentration in the leachate (peak) was observed at 20° C by 
week 6 of incubation. By the same week, the NO3-N concentrations at 35 and 5° C were 
28 and 8%, respectively, of the highest NO3-N concentration measured at 20° C. 
The results suggest that under the conditions of this experiment the optimum 
nitrification rate was achieved at 20° C where the highest first order nitrification rate 
constant (Kn) was observed. The lowest Kn recorded was at 5° C while 35° C resulted in 
almost a two-fold increase over 5° C. It is important to note that nitrification did not stop 
at 5°C. Sabey (1954) also reported that nitrification rates decreased at low soil 
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temperatures. Therefore, careful monitoring is recommended when applying manure to 
minimize the impacts on water quality and in particular NO3-N movement. 
Manure application resulted in significantly higher NH4-N concentrations but 
temperamre did not have a significant effect. Most of the NH4-N in the leachate was 
recorded between weeks 1 and 2 of the experiment. After that, a drastic decrease in the 
NH4-N concentration was observed. 
The destruction of alkalinity due to the biological oxidation of the NH4-N was 
another evidence of the nitrification. It was observed that most of the alkalinity was 
destroyed between weeks 1 and 2 of the experiment particularly for manure treatments. 
Temperature did not have a significant effect on alkalinity concentrations. However, the 
results suggest that for the three temperature treatments the ratio of alkalinity destroyed to 
NH4-N oxidized increased with increasing the temperature and was above the theoretical 
value of 7.1 (EPA, 1993). 
At 20° C manure application resulted in lower leachate pH but at 35° C no pH 
differences were observed. At 5° C no differences in leachate pH were observed for 8 
weeks but after that time manure application decreased the leachate pH. 
Manure application had a significant effect on DOC concentrations but no 
significant temperamre effects were detected. Most of the DOC was measured between 
weeks 1 and 2 and after that a significant decrease in the concentrations occurred. 
It is concluded that 20° C was found to be as the most adequate temperature for 
nitrification under the conditions of this experiment and that the nitrification process was 
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apparently a first order reaction as suggested by Mehran and Tanji (1974) and Tanji 
(1982). 
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CHAPTER Vn 
FINAL CONCLUSIONS 
A three-year field experiment was conducted to evaluate the effect that variable 
rates of swine manure applied under different methods of application had on subsoil water 
nitrate-nitrogen (NO3-N), crop yields, crop nitrogen (N) uptake and N recovery and soil 
NO3-N accumulation. The smdy began in 1996 and continued through 1998 at the Iowa 
State University Agronomy and Agricultural and Biosystems Engineering Research Farm in 
Boone County. 
The results suggest that treatment effects on subsoil water NO3-N concentrations 
varied among years. The highest subsoil water NOs-N means were observed in 1998 (the 
year with above average rainfall and with the highest rainfall during the smdy) and the 
lowest during 1997 (the year with below average rainfall and with the lowest rainfall during 
the smdy). Subsoil water NO3-N was not significantly affected by treatments during the 
first two years of the experiment. In the third year, methods of application had a 
significant effect on subsoil water NO3-N. Side-dress application of swine manure and 
Urea-Ammonium-Nitrate (UAN) had lower subsoil water NO3-N means than spring and or 
fall manure applications in all three years. No significant effects of N rate on subsoil water 
NO3-N were found in any of the three years of the experiment. However, overall subsoil 
water NO3-N means in control plots were lower than NO3-N means from treated plots. 
Furthermore, at the N rate of 84 kg N ha'\ subsoil water NO3-N means were lower (5.76, 
4.60 and 14.41 mg for 1996, 1997 and 1998, respectively) than at 252 kg N ha"' (6.33, 
8.14 and 19.27 mg L"' for the same years) but in 1998 mean differences were large. 
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Treatment effects on com yield were significant but responses varied among years. 
Nitrogen application rate significantly affected com yields in 1997 and 1998. In 1998, 
com yields were the highest recorded during the three year study and increased with 
increasing N rate. In 1996 and 1997, com yield responses to increasing N rate were 
evident up to 168 kg N ha"'. The highest N application rate of 252 kg N ha"' resulted in no 
additional increase of com yields. In 1997, com yields were the lowest. Swine manure 
treatments resulted in higher com yields than UAN applications in all three years. 
Methods of application significandy affected com yields lq 1996 with significantly lower 
yields for UAN side-dress. Among the times of application, spring and fall resulted in 
better yields than side-dress in all three years. 
The treatments that resulted in the maximum com yields also produced the highest 
NO3-N concentrations in the subsoil water. In 1998, com yields at the N rate of 252 kg N 
ha*' were between 373 and 2806 kg ha"' in excess of the county average. Therefore, from 
the results of this experiment, manure applied in the spring and/or fall at the rate of 252 kg 
N ha"' is not recommended to reduce the risk of degradation of water quality. 
Soybean yield was not significantly affected by treatments during the two years of 
the com and soybean rotation (1997 and 1998) but treatment means were all above the 
county average. 
The analysis of variance suggested evidence of significant treatment effects on total 
N uptake but it varied among years. Highest total N uptake was observed in 1996 and the 
lowest in 1998. In 1996 and 1997, total N uptake increased with increasing N rate up to 
168 kg N ha"'. At the N rate of 252 kg N ha"', total N uptake remained the same as in 168 
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kg N ha"'. In 1998, total N uptake was the lowest of the three years and increased with 
increasing N rate. 
Nitrogen recovery responses to treatments also varied among years. Nitrogen 
recovery was significantly affected by treatments in 1996 and 1997. In 1998, no significant 
responses were observed and N recoveries were the lowest of the three years. In general, 
N recovery varied among years and decreased with increasing N rate. Highest N 
recoveries were observed in 1996 and lowest in 1998. 
The lack of significant N rate effects of on subsoil water NOs-N may also imply that 
mean differences were not detected in the analysis of variance because of the influence of 
other factors such as large mean square error. The high subsoil water NO3-N 
concentrations observed in 1998 could be explained by the high precipitation recorded that 
was indeed above average, the lower N uptake and N recovery, the effect of the legume 
(soybean) rotation, soil N mineralization and the effect of the second application of 
manure. Subsoil water ammonium-N (NH4-N) and pH were not significantly affected by 
treatments in all three years. 
Treatment effects on residual soil NO3-N concentrations between 0-30 and 30-60 cm 
depth were non-significant the first two years of the experiment (when precipitation was 
below average) but were significant in the third year (when precipitation was above 
average). At the deeper layers (60-90 and 90-120 cm depth) significant treatment effects 
were observed in 1996. For all three years, a vertical gradient of soil NOs-N was 
observed. Residual soil NO3-N concentrations decreased with increasing depth. Residual 
soil NO3-N concentrations increased with increasing N rate, particularly at the 0-30 cm and 
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30-60 cm depths. The N rate of 84 kg N ha"' had the lowest residual soil NOs-N means in 
all three years. Highest residual soil NO3-N were recorded at the N rate of 252 kg N ha"'. 
No significant treatment effects were observed on soil NH4-N. 
As part of this comprehensive smdy, an experiment was conducted to evaluate the 
effectiveness of microplots (1.52 m x 1.52 m) on monitoring subsoil water NO3-N. 
Twenty ceramic cup lysimeters were installed to obtain water samples and were monitored 
for NO3-N. More than 1,000 water samples were collected from these microplots of com 
and soybean. The results showed evidence of treatment effect only in 1996 in the 
microplots of corn, but that year treatments were incomplete (no fall applications). No 
significant treatment effects were observed in microplots of com in 1997 and 1998, and 
microplots of soybean in all three years. Subsoil water NO3-N responses to treatments in 
microplots varied by crop and by year. 
The lack of evidence of treatment effects in the large plots the first two years of the 
experiment and in microplots of com the last two years make it difficult to compare. 
Control plots had lower subsoil water NO3-N in 1996 for microplots of com and soybean. 
In 1997, control plots had the second lowest subsoil water NO3-N for both crops, com and 
soybean. In 1998, control plots had the second highest subsoil water NO3-N 
concentrations. High precipitation occurred during the month of June, 1998 (about 250 
mm) and this could have possibly caused lateral movement of N from either manure or 
urea. Besides, a strong storm that occurred on July 17, 1998 destroyed a good number of 
the com plants in the microplots. Thus, the results for this crop and year should be used 
only on a limited basis. 
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To investigate the effects that temperature and swine manure have on nitrification 
and soil water NO3-N transport, a study was performed with undisturbed soil columns in 
three controlled enviroimients set at 5, 20 and 35° C. The parameters measured in the 
leachate collected included NO3-N, NH4-N, dissolved organic carbon (DOC), pH and 
alkalinity during a 15 week incubation period. 
The results suggest that temperature and swine manure had a profound effect on 
NO3-N concentrations in the leachate. Swine manure treatments had significantly higher 
NO3-N concentrations than controls. For manure treatments NO3-N concentrations in the 
leachate varied among temperatures. 
The 20° C treatment with manure had significantly higher NO3-N concentrations 
and the 5° C treatment had significantly lower NO3-N. Furthermore, increasing the 
temperature to 35° C decreased the NO3-N concentrations of the leachate when compared 
to the 20° C conditions. 
Under the conditions of this experiment it is concluded that the temperamre for 
optimum nitrification was 20° C where the highest apparent nitrification rate constant was 
achieved. It also appeared that the 5° C temperature was the least favorable for 
nitrification to occur (lowest apparent rate constant) but the variability of the results and the 
inconsistency of the data at this temperamre made it difficult to obtain concrete results. It 
is important to note that the 35° C temperature conditions resulted in a two fold increase of 
the apparent nitrification rate constant when compared to the 5° C. 
The results of this nitrification study may help explain some of the field experiment 
results. Side-dress applications resulted, on the average, in lower subsoil water NO3-N 
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concentrations because some of the maximum temperatures observed varied between 30 
and 35° C a few days or weeks following side-dress application, conditions that may have 
inhibited the nitrification process. On the other hand, the spring applications resulted, on 
the average, in higher subsoil water NOs-N concentrations because temperatures were 
about 20° C a few days or weeks following spring treatment applications, near optimum 
temperatures for nitrification to occur. 
The other parameters measured, NH4-N, DOC, and alkalinity were not significantly 
affected by temperature but the application of swine manure appeared to have a profound 
effect. Furthermore, time of incubation had also a profound effect on these measurements. 
Most of the NH4-N, DOC, and alkalinity were measured between weeks 1 and 2 of the 
experiment and after that, a drastic decreased in their concentrations was observed. 
The pH of the leachate was significantly affected by both, temperamre and manure 
application. The term Temp*Nrate was observed as highly significant which implies that 
leachate pH responses to manure application varied among temperatures. At 35° C the 
leachate pH was significantly lower and at 5 and 20° C the leachate pH was significantly 
higher. Application of swine manure resulted in significantly lower leachate pH. 
The application of swine manure also resulted in higher ratios of alkalinity 
destroyed to NH4-N oxidized than theoretical values. For all three temperamres, this ratio 
increased with increasing temperature. 
Careful monitoring of subsoil water samples is strongly recommended when swine 
manure is applied because of the potential increase of NO3-N leaching and soil NO3-N 
accumulation. 
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APPENDIX A 
SUBSOIL WATER NH4-N AND pH 
Table A L .  Subsoil water NHA-N for 1998 
Method Nrate NH4-N meaiiired hy days since spring application in mg L ' 
CO kgNhii' 43 49 S3 S3 70 78 84 91 98 10s 112 120 128 133 141 
0 0 0.14 0,00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
0 0 14.45 0.76 0.38 0.00 0.00 0.00 0.00 0.13 0.00 0.00 0.00 0.00 3.63 
0 0 0.00 O.OD 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
1 84 30.06 4.31 0.63 0.33 0.00 0.04 0.00 1 68 0.00 0.00 0.00 0.00 
1 34 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
1 34 0.93 0.00 0.00 0.00 0.00 0.00 0,00 0.00 0.00 0.00 
1 3S3 4.73 0.87 0,00 0.00 0.00 0,00 0.00 0.00 0.00 3.00 0.00 0.00 0.00 0.00 0.00 
1 3S3 0.00 0.00 0,00 0.00 0.00 0,00 0,00 0.00 0.00 0.00 0.00 0.00 2.31 
1 353 4.» 0.00 0,33 0.19 0.00 0.04 0.00 0.00 0.00 
3 84 0.51 0.00 0,00 0.00 0.00 0.00 0.00 0.00 0.00 0,00 0.00 3.57 0,00 0,00 0.00 
2 84 3.93 0.00 0,00 0,00 0.00 0.00 0.00 0.00 4,69 0,00 
3 84 5.34 1.75 1,10 0.34 0.00 0.00 0.00 0.00 
3 3S3 0,00 0.00 0,00 0.00 0.00 0.00 0,00 0.00 0.00 0.00 0.00 0.00 0,00 0,00 
3 333 1.57 0.00 0,00 0.00 0.00 0,33 0,00 0.00 0.00 0.00 0.03 3.34 0.00 0,00 0.00 
3 3S3 10.39 1.99 0,33 0.04 0.00 0,00 0,00 0.00 
3 84 5.13 0.17 0,00 0.00 0.00 0,00 0,00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
3 84 4.86 3.81 0,66 0,33 0.00 0,00 0,00 0.00 0.00 0.00 0.00 0,00 0.00 0.00 0.00 
3 84 0.00 O.OD 0.00 0,00 0.00 0,00 0,00 0.00 0.00 0.00 0.00 0,00 0.00 0.00 0.00 
3 333 16.03 3.56 0.65 0.00 0.00 0,00 0,00 0.00 0.00 0.00 0.00 0,00 0.00 
3 333 1.47 0.00 0.00 0.00 0.00 0,00 0,00 0.00 0.00 0.00 0.00 3,31 0.00 0.00 
3 333 3,09 1.93 3.43 1,67 1.39 1,83 1,03 0.33 0,00 0.00 0.00 
4 84 4.07 0.58 0.05 0,00 0.00 0.00 0,00 0.00 0.00 0.00 0.00 0,00 0.00 0,00 
4 84 1,33 0.00 0.00 0.00 0,00 0,00 0,00 0.00 O.OD 0.00 0.00 0,00 0.00 0,00 0.00 
4 84 0.03 0.00 0.00 0.00 0.00 0,00 0,00 0.00 0.00 0.00 0.00 
4 353 0.40 0.00 0.00 0.00 0.00 0,00 0,00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
4 3S2 1.11 0.38 0.00 0.00 0.00 0,00 0,00 0.00 0.00 0.00 
4 332 1.54 0.00 0.00 0.00 0.00 0.00 0.00 0,00 0.00 
5 84 3.03 1.33 0,15 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0,00 0.00 
5 34 0.00 0.00 0,00 0.00 0.47 0.00 0.00 0.00 15.46 0.00 0.00 0.00 0.00 0.00 
5 34 9.87 1.13 0.31 0,00 0.00 0.05 0.00 0,00 0.00 0.00 0.00 0.00 0.00 0.00 
5 3S2 8.78 1.65 0.00 0,00 0.00 0.00 0,00 0.00 0.00 0.00 0.00 0.00 
5 333 3.99 0.34 0.00 0,00 0.00 0.00 0,00 0,00 0.00 0.00 0.00 3.38 0.00 
5 353 7.45 0.84 0.16 0.00 0.00 0.00 0,00 0,00 0.00 0.00 0.00 0.00 
(") 0 = Control 2 = Manure in fell A = Manure side-dress 
1 = Manure in spring 3 = Manure with nitrapyrin in fall 5 = UAN side-dress 
Table A2. Subsoil water NH4-N for 1997 
Method Nmte NH4-N mcMnrcd by days since spring application in mg L"' 
(•0 kgNlB'' 2S 3S 42 49 S6 <0 TO 77 84 91 9S 10s 112 120 127 143 
0 0 0.10 0.00 0.00 0,00 0.00 0.00 0.00 0,00 0,00 0.00 
0 0 0.00 0.00 0,00 0,00 0.00 0.00 0.00 0,00 0.00 0.00 0,00 
0 0 0.00 0.00 0,00 0.00 0.00 0.00 0.00 0,00 0,00 0.00 
I 34 0.39 0.17 0.06 0.33 0.00 0.01 0.01 O.Ol 0.01 0.00 0,00 0.00 0.00 0.17 0,00 0 15 
1 84 0.13 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0,00 
1 34 0.34 0.00 0.00 0.00 0.00 0.00 0,00 0.00 0,00 0.00 0,00 0.00 0.00 0.46 0.09 
1 3S3 0.15 0.06 0.03 0,00 0.00 0.00 0.00 0.00 0,00 0,00 0,00 9.65 0,00 
1 3S3 14.54 0.00 0.00 0,00 0.00 0.00 0.00 0.00 0 00 0,00 0.00 0.00 0.00 0.08 0.00 0.00 
1 33 1.56 1.35 0.61 0,66 0.58 0.13 0.06 0.13 0,00 0,00 0.00 3.73 3.45 3.30 
3 84 0.35 0.00 0.00 0,00 0.00 0.00 0.00 0.00 0,00 0,00 0.00 0.00 0.00 
3 84 0.03 0.00 0.00 0,00 0.00 0.00 0.00 0.00 0,00 0,00 0.00 0.00 
3 34 39.48 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 6,83 
3 3S3 0.55 0.30 0.06 0.00 0,00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 6,34 0,00 
3 3S3 0.84 0.54 0.01 0,00 0.00 0,00 0.00 0.00 0.00 0,00 0.00 0,00 
3 3S3 0.09 0.00 0,00 0,00 0,00 0,00 0.00 0.00 0.00 0,00 
3 84 0.30 0.05 0,00 0,00 0,00 0,00 0.00 0.00 0.00 0,03 
3 34 0.00 0.00 0,00 0,00 0,00 0.00 0.00 0.00 0.00 0,00 0.00 0,00 0.00 0,01 0.00 
3 34 0.00 0.00 0.00 0.00 0,00 0,00 0.00 0.00 0 00 0.00 0,00 0,00 
3 353 0.01 0.00 0.00 0,00 0.00 0,00 0.00 0.00 0.00 0.00 0,00 0.00 0,00 0.00 
3 333 0.37 0.00 0.00 0,00 0.00 0,00 0.00 0.00 0.00 0.00 0,00 0.00 0,00 0,00 0.00 0,01 
3 353 1.58 0.91 1.03 0,71 0.40 0,69 0.55 0.16 0.00 0.00 0,00 0.00 0,00 0.00 0,00 
4 84 0.00 0.00 0.00 0,00 0.00 0.00 4.33 0.00 0.00 0.00 0.00 0,00 0.00 0,14 0,00 0.00 
4 34 0.37 0.18 1,03 1,46 1.03 0,49 0.00 0.38 0.00 0,00 0,00 0.00 0.00 0,13 0,00 1 1 1  
4 84 0.00 0.00 0.00 0.00 0.00 0,00 0.00 0,00 0.00 0.00 0,00 0.00 0.00 
4 3S3 0.01 0.00 0.00 0.00 0.00 0,00 0.00 0,00 0.00 0.00 0,00 0.00 0.00 3,85 
4 353 0.00 0,00 0.00 0.00 0.00 0,00 0.00 0,00 0.00 0,00 0,01 0.01 0.01 0,00 0,00 
4 353 0.36 0,06 0.00 0.00 0.00 0.00 0,00 0,00 0.00 0,00 0.00 
5 84 O.GO 0.00 0.00 0.00 0.00 0,00 0.00 0,00 0,00 0,00 0.00 O.QO 0,00 0,00 0 00 
5 34 0.00 0,00 0.00 0,00 0.00 0.00 0.00 0,00 0.00 0,00 0,00 
5 84 0.03 0.00 0.00 0,00 0.00 0,00 0.00 0,00 0.00 0,00 0,00 
5 253 0.06 0.00 0.00 0.00 0.00 0,00 0.00 0,00 0.00 0.00 0.00 0.00 0.00 0,11 0,00 0.00 
5 3S3 0.00 0.00 0,00 0.00 0.00 0.00 0,00 0,00 0.00 0.00 0.00 0.00 0.00 
5 353 0.16 0.05 0,00 0.00 0.35 0.11 0,00 0.34 0.00 0.00 0,06 5,08 
(*) 0 = Control 2 = Manure In fell 4 = Manure slde-dtess 
1 = Manure in spring 3 = Manure with nltrapyrin in fell 5 = UAN side-dress 
Table A3. Subsoil water pH for 1998 
Method Nnite pH measnred by days since spring application 
m I g N t a '  49 S8 (S3 TO 78 84 91 98 lOS 112 120 128 133 141 
0 0 7 4 5  7.45 7.60 7.46 7.88 7.13 7.30 7.51 7.33 7.53 7.77 8.00 8 10 
0 0 6.93 7.37 7.30 7.18 7.84 7.31 7,79 7,55 7.87 
0 0 7.67 7.89 7.83 7.75 7.65 7.98 8,11 
1 84 3.33 6.64 7.00 7.31 7.37 7.66 7.33 7.13 7.55 7.69 7.71 
1 84 6.94 7.56 7.73 7.3 7.36 7.64 7.63 7.33 8.07 8.05 7.73 7.33 7.84 
1 84 7.45 7.64 7.39 7.55 7.63 7.75 7.93 8.17 
1 3S3 7.36 7.16 7.38 7.31 7.51 7.54 7,67 7.40 7.64 7,80 7,91 7.97 8.30 
1 333 7.16 7.69 7.68 7.56 7.46 7.74 7.67 7.36 7.38 7.10 8,11 
1 3S3 7.80 7,40 7.76 7.65 7.38 
3 84 6.18 6.84 7.38 7.30 7.83 7.31 7,34 7.66 7.48 7.43 8.31 
3 84 7.71 6.94 7.30 7.39 7.67 7.63 
3 84 6.84 7.00 7.55 7.41 7.64 7.38 7.84 
3 3S3 7.98 7.61 7,46 7.43 7.87 7.68 7.71 7.33 7,79 7,99 7,95 7,89 
3 3S3 6.13 7.13 7,39 7.36 7,49 7.64 7,54 7.67 8,08 7,73 
3 3S3 6.34 7.63 7.36 7.35 7,31 7.73 7,44 
3 84 7.68 7.45 7,37 7.30 7.38 7.49 7.66 7.55 7.54 7,94 7,15 
3 84 7.44 7.56 7,B 7. S3 7.47 7.68 7.83 7.69 7,72 8,04 8,18 7.98 7.83 
3 84 7.71 7,77 7,70 7.54 7.65 7.65 8.08 7.33 8.13 8.37 8,01 7.74 
3 3S3 6.61 7.13 7.33 7.91 7.34 7.36 8.01 7.69 7.77 8,01 8,31 
3 3S3 6.86 7.03 7.31 7.15 7.33 7.74 7.43 7.47 7.60 8.05 8.30 
3 3S3 7.98 7.87 7,50 7.57 7,68 8.08 8,09 8.39 
4 84 7.32 7.88 7,43 7.49 7,38 7. S3 7.86 7.68 7.85 8.09 8,14 
4 84 7.13 7.5i 7,38 7.58 7,43 7.55 7.40 7.54 7.74 8.03 8,07 8.18 
4 84 6.93 7.31 7,33 7.37 7.33 7.48 7.53 7,71 8.35 7.79 
4 353 7.16 7.53 8,05 7.15 7.61 7.48 7.37 7.43 7.65 7.56 7.58 7.60 
4 3S3 7.84 7.63 7,30 7.30 7.64 7.47 7.06 7.33 8.08 
4 252 7.47 7,55 7,33 7.54 7.80 7.71 7.74 
5 84 6.93 7.56 7.40 7.09 7.35 7.56 7.34 7.14 7.80 7.65 7.65 
5 84 4.10 7.55 7.33 7.» 7.83 7.84 7.76 7.79 7.57 7.17 7.98 
5 84 7.68 7.S2 7.34 7.57 7.40 7.48 7.39 7,63 8,06 
5 3S3 7.31 7,40 7.40 7.73 7.43 7.31 7.84 7.78 7,74 7.66 
5 333 7 56 7. S3 7.57 7.33 7.91 7.66 7.81 7.78 8.07 
5 333 7.35 7.55 7.30 7.78 7.41 7.64 7.90 
0 = Control 2 = Manure in fell 4 = Manure side-dress 
1 = Manure in spring 3 = Manure with nitrapyrin in fell 5 = UAN side-dress 
Table A4. Subsoil water pH for 1997 
Method Nr»te pH mefttnred l>y days tince spring ftpplication 
(•) 28 3S 42 49 56 <S3 TO 77 84 91 98 lOS 112 120 127 143 
0 0 7.83 7.80 7.90 7.88 8.01 8.04 
0 0 7,90 7.05 8.03 7.51 7.81 7,71 7.89 7.49 7. S3 7,W 7.39 
0 0 7.05 7.56 7.78 7.43 7.90 7.90 7.96 
1 84 7.68 7.33 7.39 7.63 7.73 7.98 7.99 7.85 8.31 7.93 8.33 8.35 8.19 8 18 
1 84 7,74 6.94 7.58 7.47 8.04 7.94 7.58 
1 84 7,81 7.09 7.44 7.S9 7,39 7,83 8.13 7.35 7.83 7.64 8.16 8.13 8.01 
1 353 7,71 7.54 7,86 7,80 7,96 7.77 7.47 7.55 
1 333 6,78 7.33 7,87 8.03 7,58 7.79 7.63 7.51 7.43 7.77 7.43 7.51 7.73 8.39 
1 333 7,81 6.89 8,03 7.77 7,37 8.01 7,96 
3 84 7.63 7,73 7.53 7,45 7,65 7.93 8,10 7,73 
2 84 7.94 7,56 8,41 8.08 8,31 8.05 8,30 7.73 7,91 8,09 8,33 7.65 
3 84 6.83 6,93 8,38 7,70 7.97 7,84 8.39 7,78 8,39 7,33 
3 333 7.51 7,30 8,08 7.37 7.40 7.71 8,31 7.33 7,30 7,48 7,75 
3 333 6,99 6.99 8,07 7,51 7.57 7,76 7.31 7,85 7,49 8.10 7,88 
3 333 7,86 7.38 8,06 8,08 8.14 7,78 8.04 8,35 
3 84 7,08 7.08 7,55 7.73 7,89 7.61 7,60 7.43 7,94 8,34 
3 84 7,37 7.39 8,03 7.86 7,55 7.71 7,99 7.58 7.55 7,55 8.33 7,57 7.43 7.43 7.33 
3 84 7,86 7.35 8,06 8.11 7.98 8.10 7,83 7.74 7.97 8,36 7.86 
3 333 7,63 7.13 7,88 7.63 7.58 7.78 8,14 7.67 8,03 7,79 7.98 7,69 8.13 
3 333 7,48 6.95 8,34 8.30 8.03 7.75 8.04 7.64 7,77 7,78 7.63 7,44 7.77 8,14 
3 333 7,31 7.15 7,73 7.39 7,18 7.31 7,45 7.34 7,35 7.31 7.38 6.98 7.66 7,70 
4 84 7,33 7.55 7,70 7.50 8,37 8.13 7.86 7,81 7.63 8.35 8,08 8.11 
4 84 7,49 6.99 7,96 7,56 7,39 7.71 7,83 7.43 7,36 7.36 7.73 7,30 7.38 7,90 8.11 8.11 
4 84 7,08 7.04 7,S» 7,7\ 7,85 7.83 7,94 7.» 7,73 7.97 8.39 8,39 
4 333 7,63 7.54 7,89 7,93 8,06 8.10 7.98 7.83 7,87 8,07 8.07 8,11 7.63 
4 3S3 7,74 7.33 7,56 7.98 7,51 7.69 7,74 7.38 7,93 7,94 7.79 7,69 7.81 8,05 8.18 
4 3S3 7.61 6.97 8,33 7.43 7,43 8.14 7.53 7.67 7.63 7,30 7.70 
5 84 7.00 6.93 7,74 7.76 7.53 7.58 7.91 7.47 7.30 7,33 7.78 8.16 8,33 8.14 
5 84 7,83 7,75 7.64 7.86 7.96 8,36 8.07 
5 84 7.73 7,35 7,66 7.69 8.17 7.94 8.33 7.83 7.73 7,65 
5 3S3 7.55 7,63 7.91 7.81 7.39 7.43 7.81 7.63 7.60 7.48 7.43 7.80 7.93 8,39 
5 333 7.88 7.15 7.83 8,33 7.93 7.68 8.08 7.46 
5 333 7.73 7.69 7.83 8.33 7.96 7.49 7.98 7.47 7.58 7.83 7.31 
(•) 0 = Control 2 = Manure in fall 4 = Manure sids-dress 
1 = Manure in spring 3 = Manure with nitrapyrin in fall 5 = UAN side-dress 
Table A5. Subsoil water pH for 1996 
Method Nrate pH measnred hy days since spring applicatiun 
CO 62 6S> 77 86 91 98 lOS 112 119 127 134 141 ItiO 174 181 189 19S 
0 0 7.41 7.37 7.36 7.38 7.42 7.38 7.31 7.33 7.35 7,29 7.46 7.35 7,28 7,22 7.19 
0 0 7.63 7.43 7.96 7.84 7.89 7.75 7.75 7.96 7.67 7,71 7.85 7.80 7,68 7.70 7,37 7.70 
0 0 8.29 7.33 7.21 7.34 7.40 7.14 7.25 7.05 7.69 6.87 6,97 7.12 7.30 7,04 7.09 7,18 7.33 
1 84 7.84 7.37 7.49 7.61 7.29 7.21 7.11 7.29 7.34 7.05 7,03 7.11 7.5» 6,99 7.03 7,49 7.08 
1 84 7.41 7.17 7.41 7.38 7.26 7.21 7.24 7,37 7,27 7,20 7,23 7,25 7,13 7,16 7.28 7.21 
1 84 8.19 7.43 7.20 7.33 7.22 7.00 7.30 7.62 7.77 
I 232 6.63 7.21 7.27 7.26 7.13 7.18 7,21 7.34 7.17 7,15 7,17 7,25 7.06 7.34 7.44 7.45 
1 232 8.10 7.11 7.40 7.39 7.23 7.10 7.22 7.07 7,23 7,08 7,03 7,15 7,13 7.14 7.28 7.33 7.38 
1 2S3 6.86 7.63 7.28 7.40 7.46 7.26 7.32 7,94 7,63 7,23 7,09 7,26 7.00 7.20 7.56 7.41 
4 84 7,63 7.26 7.26 7.63 7.76 7.68 7.73 7.71 7.68 7,58 7,66 7,76 7,26 7,02 7.06 7.83 7.25 
4 84 7.37 7.41 7.60 7.72 7.57 7.67 7.40 7.65 7,66 7,70 7,84 7,44 7.24 7,79 7.20 7,18 
4 84 7.66 7.31 7.63 7.12 7.06 6.93 6.87 6.91 7.28 6,84 6,85 7,07 7,41 7,02 7,06 7,25 7,28 
4 232 7.22 7.37 7.94 7.82 7.77 7.73 7.73 7,75 7,64 7,64 7,76 7,88 7,50 7,3 7.72 7,73 
4 232 7.63 7.30 7,61 7.46 7.33 7.28 7.23 7,38 7,18 7,17 7,30 7,33 7,24 7,32 7,38 7.46 
4 232 7.36 7.46 7.94 7.37 7.45 7.35 7.25 7,53 7,18 7,24 7,49 7,55 7,18 7,32 7,43 7.40 
5 84 7.49 7.32 7. S3 7.68 7.45 7.36 7.45 7.38 7.32 7,42 7,47 7,55 7,70 6,92 6,97 7,14 7.44 
5 84 7.63 7.37 7.31 7.61 7.67 7.68 7.81 7.78 6,93 7,68 7,68 7,72 7,30 7,77 7.72 7,19 
5 84 7.56 7.96 7.82 6.81 6,92 6.95 6.99 7.97 6,89 6.87 7,06 7,60 7,04 7,18 7.23 7,32 
5 232 7.49 7.26 7.53 7.73 7.38 7.54 7.48 7,38 7,39 7,32 7,32 7,41 7,48 6,96 7,08 7.35 7,38 
5 233 7.71 7.36 7.30 7.69 7.72 7,66 7.75 7.58 7,79 7,61 7,33 7,70 7,69 7,48 7,48 7.50 7,54 
5 232 7.41 7.13 7.39 7.25 6.88 6.82 6.78 6,80 6,98 6,79 6.80 6.92 7,75 6.96 7,07 7.14 7,16 
(*) 0 = Control 
1 = Manure in spring 
4 = Manure side-dress 
5 = UAN side-dress 
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SOYBEAN YIELDS 
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Table Bl. Average soybean yield for 1998, south site 
Soybean yield 
Method of application N rate Rep 100 Rep 200 Rep 300 Average 
kgNha*^ kgha"^ 
Control 0 3553 3675 3352 3527 
Manure in spring 84 3486 3352 3307 3382 
168 3582 3532 3838 3651 
252 3953 3661 3737 3784 
Manure in fall 84 3528 4033 3623 3728 
168 3945 3795 3496 3745 
252 3347 3696 3206 3416 
Manure+nitrapyrin in fall 84 3238 3541 3380 3387 
168 4085 3739 3718 3847 
252 3092 3687 3848 3542 
Manure side-dress 84 3452 3437 4173 3687 
162 3750 3742 3714 3735 
252 4007 3638 3099 3581 
UAN side-dress 84 3728 3826 3545 3700 
168 3224 3589 3519 3444 
252 3868 3557 3157 3528 
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Table B2. Average soybean yield for 1997, north site 
Soybean yield 
Method of application N rate Rep 100 Rep 200 Rep 300 Average 
kg N ha"^ kg ha"^ 
Control 0 3429 3000 3271 3234 
Manure in spring 84 3536 3438 3147 3373 
168 3949 2561 3182 3231 
252 3648 3385 3087 3373 
Manure in fall 84 3852 3390 3400 3547 
168 3589 3007 3164 3253 
252 - 3393 2939 3166 
Manure+nitrapyrin in fall 84 3546 3639 2579 3255 
168 3657 3107 3447 3404 
252 3464 3257 3369 3363 
Manure side-dress 84 3778 3848 3147 3591 
162 4022 - 3369 3695 
252 3764 3157 2846 3256 
UAN side-dress 84 3779 3185 3005 3323 
168 3673 3838 2148 3220 
252 4094 3640 3260 3665 
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Table CI. Soil NH4-N concentrations, 1998 north site 
Mean NH4-N (Before planting) Mean NH4-N (After harvest) 
N rate 0.15 m 0.45 m 0.75 m 1.05 m 0.15 m 0.45 m 0.75 m 1.05 m 
kg ha'^ mg kg"^ 
84 9.87 3.62 2.50 2.49 5.72 3.31 2.87 2.61 
168 8.90 3.96 3.05 2.64 6.49 3.62 3.35 2.78 
252 11.18 4.29 2.97 2.65 5.53 3.68 2.97 2.98 
Table C2. Soil NH4-N concentrations, 1997 south site 
Mean NH4-N (Before planting) Mean NH4-N (After harvest) 
_nra t e^_0^15mi0^45n i_0^75n i l ^05m^0^15m^^ l45^^0^75m_1^05m 
kg ha'^ mg kg"^ 
84 10.47 5.96 3.78 3.30 5.57 4.97 4.20 4.48 
168 12.86 6.60 3.55 2.92 6.69 4.89 3.97 4.37 
252 8.47 5.44 3.42 2.95 6.90 4.79 3.90 3.88 
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